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The natural path 1s that wh1ch leads from what we f1nd 
knowable and relatlvely clear towards what 1s really 
knowable and really clear, for these are not the same 
at all ••••• G1ve us th1ngs all lumped together in a 
confused mass and we w1ll flnd them qUlte clear and 
obv1ous. It is only later that we sort them out and 
get to know the1r elements and pr1nc1ples. 
Anstotle: Phys1cs h. 
There are some th1ngs wh1ch, from the moment of b1rth, 
both men and beasts are naturally capable of perce1v-
1ng; 1mpress1ons wh1ch reach the m1nd through the body. 
But as for reflectlng on these th1ngs, as for ask1ng 
whether they are real, whether they are useful, th1s 1s 
somethmg wh1ch 1s ach1eved, 1f 1t 1s ach1eved at all, 
only w1th effort and only w1th a penod of labonous 
tra1mng. 
Plato: Thaetetus 1B6b. 
(Translated by Dr. J. Crewe) 
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SYNOPSIS 
The work d1scussed 1n th1s thes1s falls 1nto s1x parts. The 
fust part (Chapter 1) is an 1ntroducbon wh1ch deals w1th the h1s-
tory, structure, nomenclature and chem1stry of beta-lactam anbb1o-
t1cs. Some relevant analyt1cal techn1ques which have been reported 1n 
the hterature are discussed with parbcular emphas1s on those wh1ch 
are commonly used for qual1ty control or for follow1ng the degradat1on 
of beta-lactam anhbiohcs. The approach to th1s work 1s outhned. 
The second part (Chapter 2) descr1bes the techn1ques to be used 
1n this work. These are ultrav1olet/visible spectrometry and hplc for 
determ1mng the concentrations of compounds formed, factor Analys1s 
for esbmabng the number of spec1es 1n solubon from spectrometnc 
data and computational techmques, 1nclud1ng a program called "LETA-
GROP", for eshmahng k1nebcs parameters. 
fust order reachons are g1ven, 1nclud1ng 
th1rd products of a three step react1on. 
Rate equat1ons for ser1es 
those for the second and 
The third part (Chapter 3) deals w1th the synthesis and charac-
ter1sat1on of a number of relevant compounds. These are 2-(3,6-d1oxo-
5-phenyl-2-plperaz1nyl)-3,4-dlhydro-5-methyl-2H-1,3-thlazlne-4-
carboxyhc ac1d (Compound lib), 6-(amlnomethylene)-3-phenyl-2,5-
p1perazlned1one (Compound Ill), 6-(hydroxymethylene)-3-phenyl-2,5-
p1perazlnedlone (Compound IVa) and 3-hydroxy-4-methyl-2(5H)-th1o-
phenone (Compound V). Novel syntheses for Compounds IVa and V and an 
1mproved synthesis for Compound lib are descnbed. The isolabon of 
an unknown compound 1s descr1bed which has been tentat1vely 1dent1f1ed 
as 6,6'-(1,2-d1oxo-1,2-ethanediyl)-b1s-(3,4-d1hydro-5-hydroxy-3-
phenyl-2-(1H)-pyrazlnone), a prev1ously unreported compound. 
- XVll -
SYNOPSIS (contd) 
The fourth part (Chapter 4) deals w1th prel1m1nary hplc, spectro-
metrlc and polarograph1c exper1ments. These exper1ments demonstrated 
the usefulness of the techn1ques to be employed and helped establ1sh 
the operabng cond1bons. Polarography was not pursued any further. 
The f1fth part (Chapters 5-8) descr1bes the princ1pal exper1ments 
carried out, the results obta1ned and the conclus10ns to be drawn. 
The synthes1sed degradation compounds and cephalex1n were each de-
graded 1n turn. The results 1nclude resumes of Factor Analys1s data, 
est1mates of k1net1c parameters using LETAGROP and conf1rmat1on of the 
1dent1ties of the pr1nc1pal compounds 1nvolved. It lS shown that the 
proposed s1mple model react1on scheme does not take place alone; there 
are compl1cat1ng s1de react1ons. 
The s1xth part (Chapter 9) 1s a d1scuss1on of the preced1ng 
mater1al and 1ncludes recommendat1ons for future work. 
............ ---------------------------------------------------------------, 
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CHAPTER 1 - INTRODUCTION 
DESCRIPTION 
The penicillins and cephalosporins are two important chemically-
related classes of antibiotics. They are often considered together 
under the heading classical p-lactam antibiotics. There are a number 
of recently developed antibiotics known as non-classical B-lactam 
antibiotics which have significant differences in basic chemical 
structure. Useful texts on the chemistry and biology of penicillins, 
cephalosporins and the newer p-lactam antibiotics are those ed1ted by 
E.H. Flynn (1) and by R.B. Morin and M. Gorman (2). This thesis is 
concerned only with the classical p-lactam antibiotics. 
The four-membered p-lactam ring is common to all penicillins and 
cephalosporins and appears to be responsible for theu biological 
action (3, 4). Penicillins possess a thiazolidine ring fused to the 
p-lactam ring (Figure 1a) and cephalosporins possess a fused dihydro-
thlazine ring (Figure 1b). 
A variety of penicilllns are formed by modifying the 6-amino 
side-chain and, similarly, a series of cephalosporins may be produced 
by modifying the 7-amino side-chain and the 3- side-chain. 
Nomenclature 
The nomenclatures of penicillins and cephalosporins are best des-
cribed by citing the examples shown in Tables 1 and 2. 
-Lactam ring Thlazolldlne ring -Lactam ring Dlhydrothlazlne ring 
a) Penlcllllns b) Cephalosporlns 
Figure 1. Structures of penlcllllns and Cephalosporlns 
N 
I 
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Table 1. Nomenclature of a Typ1cal Penicillin 
Structural Formula 
British Approved Name 
Phenoxymethylpenicillin. 
Common Synonym 
Pemcillin V. 
B.P. Nomenclature 
(6R)-6-(2-phenoxyacetamido)penicillanic acid. 
U.S.P. Nomenclature 
4-thia-1-azabicyclo[J-2-0]heptane-2-carboxyllc acid,3,3-dimethyl 
-7-oxo-6-[(phenoxyacetyl)amino]-,[2S-(2a,5a,6~)] 
Chemical Abstracts Service (CAS) Nomenclature 
(25,5R,6R)-3,3-dimethyl-7-oxo-6-(2-phenoxyacetamido)-4-thlo-1-
azablcyclo[3.2.0]heptane-2-carboxylic acid[B7-0B-1]. 
l 
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Table 1 (Continued) 
Trivial Name 
6-phenoxyacetamidopenicillanic acid. 
"Penam" Name 
6-(2-phenoxyacetamido)-2,2-dimethylpenam-3-carboxylic acid. 
Penicillanic Acid "Penam" 
- 5 -
Table 2. Nomenclature of a Typical Cephalosporin 
Structural Formula 
British Approved Name 
Cephalothin. 
B.P. Nomenclature 
(7R)-7-(2-thienylacetamido)cephalosporanic acid. 
B.P. also uses the Cephem name.] 
U.S.P. Nomenclature 
[Note: The 
5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxy1Ic acid,3-[(ace-
tyoxy)methyl]-B-oxo-7-[(2-thienylacetyl)amino]-,(6R-trans)-. 
Chemical Abstracts Service (CAS) Nomenclature 
(6R,7R)-3-(hydroxymethyl)-8-oxo-7-[2-(2-thienyl)acetamido]-5-
thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylic acid acetate (ester) 
[58-71-9]. 
- 6 -
Table 2 {Continued) 
Trivial Name 
7-{2-thienylacetamido)cephalosporanic acid. 
"Cephem" Name 
7-{2-thienyl)-acetamido-3-hydroxymethyl-3-cephem-4-carboxylic 
acid acetate. 
Cephalosporanic Acid "3-Cephem" 
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Most penicillins and cephalosporins are called by their British 
Approved Name or equivalent in pharmacopoeias, journals, etc. but 
sometimes the Trivial Name is used to ~dentify an uncommon pen~cillin 
through its 6-amino side-chain or a cephalosporin through its 7-amino 
and 3- side-chains. The British Approved Name or equivalent has been 
used where possible thoughout this thesis. 
Table 3 gives the names and structures of those penicillins cur-
rently entered in the British Pharmacopoeia (B.P., 5) or the United 
States Pharmacopeia (U.S.P., 6) and Table 4 the names and structures 
of cephalosporins. The Penam names are given in order to descnbe 
the 6- amino side-chain and to be consistent with the more common 
Cephem names used in Table 4. Although many penicillins and cephalo-
sporins are encountered as hydrates or salts of sodium, potassium, 
calcium or organic bases, only the names of the parent anhydrous 
acids are given in Tables 3 and 4. 
--------------------------------------, 
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Table 3. Common Penicillins 
Br1tish Approved Name or 
equivalent (with synonym) 
and Penam Name 
6-Aminopenicillanic acid (6-APA) 
6-amino-2,2-dimethylpenam 
-3-carboxylic acid 
Benzylpen1cillin (Penicillin G) 
6-(2-phenylacetamido)-2,2-dimethyl 
penam-3-carboxylic acid 
Phenoxymethylpenicillin (Penicillin V) 
6-(2-phenoxyacetamido)-2,2-dimethyl 
penam-3-carboxylic acid 
Phenethicillin 
6-(2-phenoxypropionamido)-2,2-dlmethyl 
penam-3-carboxylic acid 
Ampicillin 
6-(2-amino-2-phenylacetamido)-2,2-
dlmethylpenam-3-carboxylic acid 
R-
H-
Ph-CHCO-
• NH2 
B.P. or 
U.S.P. 
B.P. 
U.S.P. 
B.P. 
U.S.P. 
B.P. 
U.S.P. 
B.P. 
U.S.P. 
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Table 3. (continued) 
Amoxycillin 
6-(2-amino-2-(4-hydroxyphenyl) 
acetamido-2,2-dimethylpenam-3-
carboxylic acid 
Carbenicillin 
6-(2-carboxy-2-phenylacetamido)-2,2-
dlmethylpenam-3-carboxylic acid 
Cloxacillin 
6-[3-(2-chlorophenyl)-5-methyl 
isoxazole-4-carboxamido]-2,2-dimethyl 
penam-3-carboxylic acid 
Oxacillln 
6-(3-phenyl-5-methylisoxazole-4-
carboxamido)-2,2-dimethylpenam-3-
carboxylic acid 
Dicloxacillin 
6-[3-(2,6-dichlorophenyl)-5-methyl 
isoxazole-4-carboxamido]-2,2-dimethyl 
penam-3-carboxylic acid 
Flucloxacillin 
6-[3-(2-chloro-6-fluorophenyl)-5-
methylisoxazole-4-carboxamido]-2,2-
dimethylpenam-3-carboxylic acid 
Methicillin 
6-(2,6-dimethoxybenzamido)-2,2-dimethyl 
penam-3-carboxylic acid 
PhGQ-~ \ 
'o 
~Me 
~co-
O Me 
B.P. 
U.S.P. 
B.P. 
U.S.P. 
B.P. 
U.S.P. 
U.S.P. 
U.S.P. 
B.P. 
U.S.P. 
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Table 3. (continued) 
Nafcillin 
6-(2-ethoxy-1-naphthamido)-2,2-dimethyl 
penam-3-carboxylic acid 
Ticarcillin 
6-[2-carboxy-2-(3-thienyl)-acetamido 
-2,2-dimethylpenam-3-carboxylic acid 
Hetacillin 
6-(2,2-dimethyl-4-phenyl-5-keto-1-
tetrahydroimidazolyl)-2,2-dimethyl 
penam-3-carboxylic acid 
eo-
U.S.P. 
s ~H U.S.P. 
U.S.P. 
= RNH-
- 11 -
Table 4. Common Cephalospor1ns 
R-~.--('sl 
0.J.-N~R' 
Br1tish Approved Name or 
equivalent (with synonym) 
and Cephem Name 
COaH 
7-aminocephalosporanic acid (7-ACA) 
7amino-3-hydroxymethyl-3-
cephem-4-carboxyllc acid acetate 
7-amlnodesacetylcephalosporanlc 
R-
H-
acid (7-ADCA) H-
7-amino-3-methyl-3-cephem-4-
carboxyhc acid 
Cephalosponn C 
7-(5-amlno-5-carboxypentamido)-3-
hydroxymethyl-3-cephem-4-carboxylic 
acid 
Cephalexin 
1-(2-amino-2-phenylacetamldo)-3-
methyl-3-cephem-4-carboxylic acid 
-R' 
Ph.CH·CO-
NH2 
B.P. or 
U .S .P. 
B.P. 
U.S.P. 
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Table 4. (contlnued) 
Cephalond1ne 
7-[2-(thienyl)acetamido]-3-(1-
pyridinlomethyl)-3-cephem-4-
carboxylate 
Cephalothln 
7-[2-(2-thienyl)acetamido]-3-
hydroxymethyl-3-cephem-4-
carboxylic acid acetate 
~ CHCO-<(S)>- 2 
Cephradine 
7-[2-amlno-2-(cyclohexa-1,4-
dlenyl)-acetamido]-3-methyl-3-
cephem-4-carboxylic ac1d 
O <(HCO-NH2 
Cefazolin 
7-[2-(2-tetrazolyl)acetamido]-3-
(5-methyl-1,3,4-thiodlazol-2-yl)-
thiomethyl-3-cephem-4-carboxylic 
acid 
Cephaloglycin 
7-(2-amlno-2-phenylacetamido)-3-
carboxylic acid acetate 
N-N 
I \ 
N::-._ N-CQ-
'V" 
Ph<(HCO-
NH2 
Cephapirin !(5\ 
7-[2-(4-pyrldyl)thioacetamido]-3- H~SCH2CQ-
hydroxymethyl-3-cephem-4-carboxylic 
acid acetate -CH20 2CCH3 
B.P. 
U.S.P. 
B.P. 
U.S.P. 
B.P. 
U.S.P. 
U.S.P. 
U.S.P. 
U.S.P. 
Cefuroxime Occo Glaxo 
7-[2-(2-methoxyimlnofur-2-yl)- 0 Nl 
acetamldo]-3-carbamoyloxymethyl-3- OCHa 
cephem-4-carboxylic acid acetate -cH20 2 CNH2 
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SYNTHETIC METHODS 
The Synthesis of Naturally Occurring Penicillins by fermentation 
Penicillins are the metabolic by-products of Penicillium and 
other micro-organisms and they are produced commercially by the deep 
fermentation of Penicillium chrysogenum (7). By adding different 
precursors it is possible to alter the predominant penic1llin formed. 
for example, phenylacetic acid is added to the fermentat1on liquor to 
form benzylpenicillin as the predominant penicillin (8). Similarly, 
phenoxymethylpenicillin 
acetic acid is added. 
predominates when phenoxyethanol or phenoxy-
The number of different penicilhns that can 
be prepared in this way is limited and it is necessary to chemically 
modify natural penicillins in order to produce "semi-synthetic" peni-
cillins. 
The Synthesis of Semi-synthetic Penicillins 
Many of the preparations of semi-synthetic penicillins are pro-
tected by patents and consequently the precise details of the methods 
used by drug companies are obscure. 6-Aminopenicillanic acid (6-APA) 
or a simple derivative is a common starting material for many semi-
synthetic penicillins. The most efficient way of producing 6-APA is 
by cleaving the 6-amino side-chain of a natural penic1llin via the 
imino chloride after protecting the 3-acid group (Scheme 1) (9). The 
requued semi-synthetic penic1llin can be prepared from 6-APA using 
the appropriate acyl chloride, (e.g. 10). There are many other pro-
cedures for preparing penicillins, some of which allow the prepara-
tion of semi-synthetic penicillins directly from natural penicillins 
such as benzylpenicillin or phenoxymethylpenicillin. 
9,H 1) MesSiCI i'H Ph-C-~J r_)< Ph ~J (_)< 
2) C02 H PCI 5 COa5iMe3 
B enz y lp e nl c lllln 1 ROH 
Hz:o_)< 
R9 H ~ 
HzO Ph-C=~J r_)< .p. PhC02 R + 
O COaH C02 SiMe, 
6-APA 
Scheme 1. The Synthesis of 6-APA from Benzylpenicillin 
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The Synthesis of Naturally Occurring Cephalospor1ns by Fermentation 
Cephalosporin C is the only cephalosporin that can be prepared by 
fermentation. It is produced in small quantities by a species of 
Cephalosporium (CM! 49137) as a metabolic by-product (11). Unlike the 
penicillins, it has not proved possible to modify the cephalosporin 
obtained by varying the ingredients of the fermentation liquor. Ceph-
alosporin C is used as the starting point for several semi-synthetic 
cephalosporins and is produced commercially by deep fermentation of 
Cephalosporium (CM! 49137) despite the low yields. 
The Synthesis of Semi-Synthetic Cephalosporins 
All of the medicinally useful cephalosporins are semi-synthetic, 
being prepared from Cephalosporin C or penicillins. The low yields of 
Cephalosporin C and the chemical processes involved in modifying peni-
cillins help make the cephalosporins much more expensive to produce 
than the penicillins. Some of the more important synthetic processes 
are as follows. 
7-Aminocephalosporanic acid (7-ACA) can be prepared from Cephalo-
sporin C via the imino chloride (12). This is comparable to the imino 
chloride process for preparing 6-APA described above. 
7-Aminodesacetylcephalosporanic acid (7-ADCA) is easier to pre-
pare from Cephalosponn C than 7-ACA, 1nvolving catalytic reduction 
and mild hydrolysis (13). 7-ADCA can also be prepared from benzyl-
penicillin or phenoxymethylpenicillin via the sulphoxide (Scheme 2) 
(14). 
The preparation of pharmacologically useful cephalosporins from 
7-ACA and 7-ADCA is reasonably straightforward. For example, cepha-
lexin can be prepared as shown in Scheme 3 (15). 
9. ~ s PhCH2C-~~ 
O C02H 
B enzy I pen le Ill In 
7-ADCA 
1) PCI 5 
2) MeOH 
a) HaO 
4) HCI 
·~@ I 
Me 
Scheme 2. The Synthesis of 7-ADCA from Benzylpenicillin 
+ 
7-ADCA 
/ 
Cephalexln 
Scheme 3. TheSynthesls of Cephalexln from 7-ADCA 
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PHYSICAL, CHEMICAL AND PHARMACOLOGICAL PROPERTIES 
Chemical Form 
The chemical form of the penic1ll1n or cephalosporin used commer-
cially depends largely on its stability. For example, cephalexin 1s 
water soluble and reasonably stable in powder form and is used as the 
free zw1tterionic compound. Benzylpenicillin 1s not very stable as 
the free acid and is prepared as the sodium or potassium salt for oral 
preparations and as the insoluble salt of orgamc bases for slow 
act1ng 1njections. 
Physical Propert1es 
Appearance 
The penicillins and cephalosponns of commerce are generally 
wh1te crystalline powders which may yellow with age. 
Ultraviolet light absorption 
Pemcillins, apart from 6-APA and tlcarc1llin, have an aromatic 
chromophore and consequently exhibit strong ultraviolet llght (uv) 
absorption. For example, phenoxymethylpeniclllln has wavelengths of 
maximum absorbance at 26Bnm and 247nm with molar absorptivities of 
1330 and 1100 respect1vely for the free acid 1n water (16). 
Cephalosporins all possess the chromophore: 
' C-N 6/ 'c=c1 
HOaC/ 
and the wavelength of max1mum absorbance 1s normally about 260nm (13) 
but th1s depends to some extent on the nature of the 3- side-chain and 
the presence of other chromophores in the molecule. For example, 
cephalexin has a wavelength of max1mum absorbance of 260nm w1th a 
molar absorptiv1ty of 7750 in water (17). 
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Table 5. Phys1cal Constants for Some Pen1c1ll1ns and Cephalospor1ns 
l.max, nn 
Sodium Benzylpenicillin 264 175 
Potassium Phenoxymethyl- 268 1,330 
penicilhn 274 1 '100 
Amp1cilhn 257 295 
262 248 
268 169 
Sod1um Cephaloth1n 235 14,030 
260 8,950 
Cephalor1d1ne 240 15,440 
255 14,380 
CephaleXln 260 7,750 
-1 
.,, cm , 
for [J -lactam 
carbonyl 
1777 
1754 
1775 
1760 
1754 
1754 
pKa 
2.7 
2.7 
2.7 
7.2 
5.0 
3.4 
5.2 
7.3 
- 20 -
Infrared light Absorption 
Penicillins and cephalosporins exhibit characteristic Infrared 
light (Ir) absorption at about 1750 - 1790 cm-1 due to the ~-lactam 
carbonyl group (15). 
Acid Dissociation Constants 
The apparent pKa of the carboxylic acid group of penicillins IS 
about 2.6 - 2.8 in water at 25" (18). 
The apparent pKa of the carboxylic acid group of cephalosporin9 
I9 dependant on the nature of the 3- side-chain (19). For example, 
the pKa of cephaloridine I9 3.4 but that of cephalexin I9 5.3 In 66% 
DMF. 
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Chemical Properties 
Penicillins and cephalosporins are reactive compounds and many of 
their important react ions proceed via cleavage of the {3-lactam func-
tion. It is for this reason that preparations of these compounds in 
water must contain a buffering agent. The cephalosporins are gene-
rally more stable than penicillins in aqueous solutions but the reac-
tions of cephalosporins are the least well known. A great deal of 
interest is shown in the decomposition products of penicillins and 
cephalosporins for it is believed that they are associated with aller-
gic reactions (20, 21). It is also important to control decomposition 
in order to maintain potency and reduce non-allergenic side-effects. 
Reactions involving Penicillins 
Benzylpenicillin undergoes electrophilic attack at the {3-lactam 
nitrogen atom in neutral or acidic aqueous solution to give a number 
of products (Scheme 4) (18,22). The kinetics of the reactions 
involved have been studied (23). 
undergoes nucleophilic attack at 
In basic solutions benzylpen1cillin 
the carbonyl group (Scheme 5) (18). 
These reactions proceed rapidly for most penicillins. It is 
possible to reduce the rate of reaction by modifying the penicillin 
through the addition of a strong electron attracting group to the 6-
side-chain. For example, ampicillin, which has a primary amino group 
attached to the side-chain, hydrolyses about 200 times more slowly 
than benzylpenicillin (18). It is usually necessary to add a buffer-
ing agent to aqueous dosage forms to reduce the effect of the acidic 
degradation products on the pH of the solution. A number of studies 
of the effects of pH, ionic strength and buffer species have been car-
ried out. For example, the effect of ionic strength on the stability 
of potassium benzylpenicillin has been investigated (24) and the kine-
tics of the degradation of potassium phenoxymethylpenicillin under a 
variety of conditions have been studied (25). 
- ------ - ---
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The presence of other materials in a dosage form can contribute 
to penicillin degradation also and such reactions have often been 
studied. For example, the reactions of penicillins in solutions with 
sucrose (26) and the stability of tablets containing benzylpenicillin, 
sulphonam1des and a number of different excipients (27) have been 
studied. 
The addit1on of a primary amino group to the 6- side-chain 
creates a class of penicillins known as the "amphoteric" penicillins 
(28). These exhibit further sets of reactions involving intramole-
cular aminolysis and polymerisation. These reactions and subsequent 
products are not as well known as those described above but the fol-
lowing observations have been made. 
When Jusko (29) investigated a fluorometric procedure for the 
determination of ampicillin, he suggested that the reaction was an 
intranolecular aminolysis with a piperazinedione (Figure 2a) as the 
fluorophore. However, other products of the degradation of ampicillin 
have been identified as different piperazines (30, 31) (Figures 2b and 
2c). 
The polymers formed by ampicillin (Figure 3) on standing in 
aqueous solution are thought to play a part in allergic reactions 
(32-34). 
~~a'p~ 
CO.H 
Ba nzylpanlc Ill In 
"'~g-'p'~ 
CO.H 
PhCH;txt~ l 
CO,H 
1 
loi, ;(s--/--
PhCH,g-N I 'M 
o:cr H co.H 
N ~ 
- PhCH~~ CO•H 
OH 
Banzylpanlclllolc acid Banzylpanlclllanlc acid 
I 
-
J.O.H 
N- Ys')( 
,_N-\ 
PhCH, CO,H 
Banzylpanllllc acid 
Scheme 4. The Principal Degradation Routes 
of Benzylpenicillin In Aqueous Acidic Solution 
\ 
Banzylpanamaldlc acid 
Benzylpenicillin 
H S 
PheHag-H-eH•-(=f 
'1 
H -
eo. 
Benzylpenlllolc acid 
Scheme 5. 
-
PheH.B·~--r--(8)< 
cA,H ~---\. 
eo; 
1,1 s PheH. g-N---,1,----(N(-)< 
o% \. 
eo; 
Benzylpenlclllolc acid 
)(co. ~ 
Banzylpenamaldlc acid 
The Principal Degradation Routes 
of Benzylpenicillin In Basle Aqueous Solution 
----------------------------------------------------------------------~ 
a) Jusko (29) b) Barbhalya (30) c) Le Belle (31) 
Figure 2. Piperazine Structures proposed for the Fluorescent 
Product of Ampicillin Intramolecular Aminolysis 
Figure 3. Polymers by Ampicillin formed 
N 
13' 
1 
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React1ons 1nvolv1ng Cephalospor1ns 
Cephalospor1ns are generally more stable than pen1c1ll1ns 1n 
aqueous solut1ons. Unlike pen1c1ll1ns, the degradat1on processes are 
not well known and few degradation products have been 1solated and 
1dent1f1ed. Very few compounds analogous to the degradation products 
of pen1cillins have been found. As with the pen1cill1ns, 1t 1s lmpor-
tant to elucidate the degradation mechamsms of cephalosporms and 
1dentlfy the products in order to stab11lse dosage forms and reduce 
allerg1c reactions. 
When cephalospor1n C was f1rst 1solated (35), 1t was necessary to 
def1ne 1ts structure and this was ach1eved largely by class1cal chem-
lstry. Abraham, Newton and their colleagues carr1ed out a series of 
stud1es (Scheme 6) (36-39) and, know1ng the emp1ncal formula from 
elemental analys1s, they postulated the structure wh1ch was conf1rmed 
by X-ray crystallography (40). 
It was shown that cephalosponns w1th a 3-hydroxymethylacetate 
functlon can undergo hydrolys1s to the free alcohol wh1ch can subse-
quently react w1th 
Scheme 7) (41-44). 
lactan nng to form 
the 4-carboxyhc acid group to form a lactone 
These lactones can undergo hydrolys1s of the (3-
cephalosporoates (Scheme 8) (41) wh1ch are analo-
gous to the penic1lloates (Schemes 4 and 5), 
Raney 
H3N+ 0 H H+ _/ 
'cHc H c-t.J~:)s / 
- cl , • d.-N~ 02 
0 N ~ CH202CMe 
Nickel / C02H Aq 
/ Cephalosporin C ~ 
PY 
Scheme 6. Reactions which helped Abraham 
and others to deduce the Structure of Cephalosporin C 
N 
"' 
Rl;lll:)s R-C-N 
o N ~ CH202CMe 
C02H 
dilute 
acid 
OH 
R-C-N,_--('05 OJ_~- ~ 
CH2 
/r...._ I 0,.. 0 
Lactone 
Scheme 7. Lactone Formation of Cephalosporlns 
with a 3-hydroxymethylacetate Group 
N 
"' 
I 
Cephalosporoate 
mild 
hydrolysis OH R-C-Ntrs 
0 N ~ 
H 
Cephalosporin lactone 
Scheme 8. Cephalosporoate Formation from Cephalosporin Lactones 
"' 0 
I 
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Reactions of "Amphoteric" Cephalosporins 
Nucleophilic aminolysis of the cephalosponn molecule has been 
demonstrated (41, 45) (Scheme 9) and the rate of reaction and result-
lng products are dependant on the nature of the 3- side-cha1n as well 
as the nature of the reacting amine. 
Cephalospor1ns with a free amine group on the 7- s1de-chain are 
known as "amphoteric" cephalosporins and these are able to undergo 
intramolecular nucleophilic aminolysis. Piperazined1ones have been 
formed by reflux1ng cephaleXln and cephaloglycin analogues in benzene 
overnight (46) (Scheme 10). A similar product was isolated from the 
alkaline degradation of cephrad1ne although the double bond in the 
thiazine nng was ass1gned to a d1fferent position (47) (Scheme 11). 
Indelicate and eo-workers (48) observed the effect on the rate of 
react1on of factors such as the natures of the 3- side-chain and the 
7- side-cha1n and suggested there was a correlation between the 
p-lactam ring strain as observed by ir frequency and reactiv1ty. 
Bundgaard (49) carried out kinet1c studies on the 1ntramolecular 
am1nolys1s of cephalexin and cephaloglycin over a w1de pH range. He 
considered three mechanisms for the reaction (Scheme 12) and gave 
details of a procedure for isolating the 2-(3,6-dioxo-5-phenyl-2-
piperazlnyl)-3,6-dihydro-5-methyl-2H-1,3-thlazine-4-carboxylic acid 
(Compound Ila, Scheme 13) formed, Yamana and Tsuj1 (50) also carr1ed 
out klnetic stud1es on the degradation of a considerable number of 
cephalosporins over wide pH ranges. They cons1dered the three mecha-
nisms for 1ntramolecular aminolysis proposed by Bundgaard (Scheme 12) 
and, hke Bundgaard, favoured mechamsm (a) as being the most prob-
able. 
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Bundgaard (51) isolated 6-(aminomethylene)-3-phenyl-2,5-piper-
aZlnedione (Compound III, Scheme 14) and Dinner (52) isolated 6-
formyl-3-phenyl-2,5-piperazinedione (Compound IVa, Scheme 15) and 
they both isolated 3-hydroxy-4-methyl-2(5H)-thiophenone (Compound V, 
Schemes 14 and 15) from the degradation of cephalexin. Bundgaard sug-
gested that Compound IVa IS formed via Compound Ill which is contrary 
to the assumption of Dinner. The suggested structure (lib) for Com-
pound 11 was different from that previously suggested (Ila, Scheme 13). 
Fogg and eo-workers have suggested other decomposition products 
for cephalexin and cephaloglycm (Scheme 16) (53-59). They demon-
strated that Compound li was present most probably as Structure lib 
because of its polarographic actiVIty and that It was formed and 
decayed quite rapidly. 
pH 3-7 
Scheme 9. Nucleophilic Aminolysis of Cephalosporin& 
reflux 
benzene 
Scheme 1 o. Intramolecular Aminolysis of Amphoteric Cephalosporlns (lndellcato, 46) 
Cephradlne 
Scheme 11. Intramolecular Aminolysis of Cephradlne (Cohen, 47) 
Ph·~H·CO·NHII Ph·CH·CO·NH l Ph·CH·CO·NH l H·~·H Jl Ha~H~ ~~ H·N-H ·~e-N ( ~C-N 
,.C-N O" '\. H......-o, O" ' 
o/_) ' H 
HO 
(a) (b) "' (c) "' 
Scheme 12. Possible Mechanisms for the Intramolecular Aminolysis of Cephalexln 
pH 7.6 
Cephalexln (Compound 1) Compound lla 
Scheme 13. Formation of 2-(3,6-dloxo-5-phenyl-2-plperazlnyl)-
3,6-dlhydro-5-methyl- 2 H-1,3-thlazlne-4-carboxyllc 
acid (Compound lla) from Cephalexln 
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Scheme 14. Formation of 6-(amlnomethylene)-3-phenyl-2,5-
plperazlnedlone (Compound Ill) and 3-hydroxy-4-methyi-2(5H)-
thlophenone (Compound V) from Cephalexln after Bundgaard (51) 
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Scheme 15. Formation of 6-formyl-3-phenyl-2,5-
plperazlnedlone (Compound IVa) and 3-hydroxy-4-methyi-
2(5H)-thlophenone (Compound V) after Dinner (52) 
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Pharmacological Properties 
The pharmacological properties of penicillins and cephalosporins 
have been studied extensively. The books by flynn (1) and Morin and 
Gorman (2) cover many of the relevant aspects, and papers by Hughes, 
Vilim and Wilson (60) and Abraham (61, 62) give useful sunmaries. 
Alterations to the penicillin and cephalosporin functional groups 
have been effected in attempts to bring about increased potency, wider 
spectra of activity, increased stability, fewer side effects, reduced 
allergenicity, and more precise application. The anti-bacterial 
activity of the antibiotics is presuned to reside in the 13-lactam 
function. Amine groups of precursors involved in the building of 
bacterial cell walls undergo intermolecular aminolysis with the 
13-lactam function (see p31 above) which prevents reproduction (3, 4). 
Resistant bacteria, such as the staphylococci, produce 13-lacta-
mases which cause hydrolysis of the 13-lactam ring, rendering the anti-
biotic inactive (63). Cephalosporins are generally more resistant to 
this inactivation than penicillins and are often used where penicillin 
treatment is ineffective. 
Allergic reactions are thought to be brought about by penicil-
lanic acid or penamaldic acid derivatives or analogous compounds. 
Some workers believe that high molecular weight compounds are respons-
ible. The precise mechanisms of the allergic reaction are not yet 
fully understood (21). 
\12 H+'\ 
No Iodine absorption 
Products 
I H+ 2 
Iodine absorption 
Scheme 17. lodometrlc Titration of Penlcllllns 
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ANALYTICAL METHODS 
A wide variety of analytical techniques have been applied to the 
analysis of penicillins and cephalosporins and useful reviews have 
been written by Hughes, Vilim and W1lson (60) and by Marrelli (64). 
Techniques used for the quality control and the study of degradations 
of p-lactam ant1biotics are emphasized 1n this thesis but much analy-
tical work has been performed in the study of pharmacokinet1cs. 
Microbiological Assay 
Penicillins and cephalosporins may be determined by microbiologi-
cal assay using an agar diffusion method with Bacillus subtilis or 
Staphylococcus aureus as test organism (64). The result is a measure 
of the biological potency of the test material and it is not chemi-
cally speci fie. Microbiological assay is the preferred analytical 
technique for most penicillins and cephalosporins in the U.S.P. How-
ever, the technique is very slow and is frequently replaced by a 
faster chemical method. 
Volumetric Methods 
Iodometric Assay 
This analytical procedure is well-established and has been used 
extensively. It is the preferred method for several penicillins and 
cephalosporins in the B.P. It requires a fair degree of skill but it 
is capable of yield1ng accurate and precise results with little inter-
ference from other substances. 
The method was first developed by Alicino (65, 66) and is based 
on the absorption of iodine by the products of alkaline hydrolysis of 
penicillins and cephalosporins with excess iodine being titrated with 
thiosulphate (Scheme 17). The intact molecules do not react and, if 
---- ------~ 
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an unhydrolysed sample lS treated 1n the same way as a hydrolysed 
sample, the method is stab1lity 1nd1cat1ng. A number of var1at1ons of 
th1s method have been developed w1th enzyme hydrolys1s be1ng used 
(67) or automat1on be1ng applied (68, 69). 
The method has found appl1cat1on 1n the study of the degradat1on 
of ~-lactams (50, 70). Reaction schemes for the absorpt1on of 10d1ne 
by pen1c1lllns have been proposed (71-74) but the correspond1ng reac-
tion schemes for cephalosporins are as yet unclear. 
Mercur1metric T1trat1on of Penic1llins 
The Pharm. Eur. (75) spec1fies a tltrimetnc procedure for several 
penlcllllns us1ng mercuric n1trate. L1ke the 1odometnc procedure 
outllned above, 1 t lS based on hydrolytic cleavage of the ~-lactam 
funct1on followed by react1on of the product formed (Scheme 18) (76). 
The method lS stab1l1ty 1nd1cat1ng for reasons s1m1lar to those g1ven 
for the 1odometr1c method. The endpo1nt lS determ1ned electrometn-
cally. 
Ac1d and Base T1trat1ons 
The U.S.P. g1ves both ac1d and base non-aqueous titrations for a 
number of amphotenc pen1c1llins and cephalospor1ns. In these 
methods, the t1tratlon of the carboxyllc ac1d group lS carried out 
us1ng tetrabutylanmomum hydroxide and the tltratlon of the pnmary 
am1no group 1s carried out us1ng perchlor1c ac1d. 
The B.P. g1ves a method for the determinatlon of carbemcillin 
wh1ch 1nvolves hydrolys1s w1th excess base and back-t1tration. There 
have been a number of s1milar procedures reported wh1ch involve hydro-
lysls by base (77) or enzymes (78). 
OH 
R-c-~J r> 
COa 
pH 9.0 
Hg(ll) 
pH 4.8 
Scheme 18. Mercurlmetrlc Titration of Penlcllllns 
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Other Titrimetric Procedures 
The titrimetric procedures outlined above for the determination 
of penicillins and cephalosporins have found widespread use and have 
generally proved to be robust, precise and accurate. A number of 
other titrimetric reagents have been used and these include N-bromosuc-
cinimide (79), potassium iodate (80, 81), lead/EOTA (82), iodine mono-
chloride (83) and dibromohydantoin (84). 
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Ultraviolet/Vlsible Spectrometr1c, Color1metr1c and Fluor1metr1c 
Procedures 
Ultraviolet Spectrometr1c Procedures 
Although most pemcilllns and cephalosponns absorb strongly 1n 
the uv reg1on, methods of analysis involving a s1ngle spectrophoto-
metrlc measurement at the wavelength of max1mum absorbance, ~ max, are 
not common because of the l1kel1hood of 1nterference from other sub-
stances, espec1ally dosage form excip1ents, fermentat1on broth compo-
nents and degradat1on products. Such methods could not be stab1l1ty 
1nd1cat1ng and could be appl1ed only to h1ghly pure spec1mens. 
Methods of analys1s 1nvolving measurement at the ~ max and cor-
rectlon for 1npunt1es by measurement at other wavelengths have been 
developed (B5-BB). There have also been a number of methods of analy-
SlS based on the comparison of the absorbances at the wavelength of 
max1mum absorbance before and after ac1d (B9), base (90) or enzyme 
(91) hydrolys1s. 
Color1metr1c Procedures 
Colorimetnc procedures for the determ1nahon of pemc1lllns and 
cephalosporins are useful because they generally allow for correct1ons 
due to 1mpur1t1es, degradation products and other uv absorb1ng spec1es. 
Some of the procedures publ1shed are stab1l1ty ind1cat1ng and many can 
be automated. Two such procedures, the 1m1dazole/mercury method and 
the hydroxylamine method, have been extensively used. 
The 1m1dazole/mercury method was developed by Bundgaard and Ilver 
(92) for the determ1nat1on of pen1c1ll1ns. It 1nvolves the open1ng of 
the p-lactam r1ng ass1sted by 1m1dazole followed by the format1on of 
the mercur1c mercapt1de of the pen1c1llen1c ac1d formed (Scheme 19). 
The ~ max of the product is about 325 - 345 nm and the molar absorp-
H 
N (~ H • ~s R·R·N I I::;: 
O o:c HN 
I • ~-}l C02 
Scheme 19. The Imidazole/Mercury Method for Penlcllllns 
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tivity 1s about 26 x 103 - 26 x 103• The procedure has been extended 
to cover cephalospor1ns as well as pen1c1ll1ns (93, 94) and 1t can be 
automated. This procedure has been used extensively 1n stabillty 
stud1es (e.g. 32 and 50) and 1s spec1f1ed 1n the 6.P. and U.S.P. for a 
number of products. 
The hydroxylam1ne procedure for the determ1nation of penic1ll1ns 
was used by Ford (95) for the analys1s of fermentation broths. The 
procedure is based on the open1ng of the ~-lactam r1ng followed by the 
formation of a hydroxam1c ac1d wh1ch forms a red complex w1th uon 
(Ill) (Scheme 20). The method can be automated satisfactonly (96, 
97) and 1t is spec1fled 1n the 6.P. and U.S.P. for a number of pro-
ducts. 
A large number of other calorimetric procedures have been deve-
loped for the determination of pen1c1ll1ns and cephalospor1ns. Bund-
gaard (49) followed the am1nolysis of cephalexin and cephaloglyc1n by 
us1ng 2,4,6-trin1trobenzenesulphon1c acid, a reagent spec1f1c for 
pr1mary amine groups. A sens1t1ve procedure for the selective deter-
mination of cephalosponns by degradation to hydrogen sulph1de and 
formation of methylene blue has been developed. Other reagents that 
have been used 1nclude n1nhydr1n (96, 99), hydroxylam1ne w1thout 1ron 
(Ill) (100, 101), 5,5-d1th1ob1s(2-n1trobenzo1~ ac1d (102), 4-(d1-
methylam1no)-benzaldehyde (spec1f1c for 6-APA, 103) and many others. 
Fluor1metr1c Procedures 
Fluorimetric procedures for the determ1nation of penicilllns and 
cephalospor1ns can be very sens1t1ve and h1ghly select1ve. For these 
reasons they are used frequently in pharmacokinet1c stud1es where the 
analytical matnx is a biolog1cal flUld wh1ch would 1nterfere w1th 
most other procedures. 
9,';1 s R-c-n~ 
O COa 
NH20H ~ ';' .,...s R-c-N I I.:;. 
C HN 
I HNOH COa 
Fe(m) 
Red complex 
Scheme 20. The Hydroxylamine Method for Penlcllllns 
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It was discovered that amphoteric penicillins form a fluorescent 
product on alkaline hydrolysis and that the reaction is enhanced by 
the addition of formaldehyde (29-31, 104-106). The procedure subse-
quently developed has been extensively used but the identity of the 
fluorometric species is still obscure (see p26). 
A number of other fluorimetric procedures have been developed 
us1ng reagents such as 2-methoxy-6-chloro-9-(2-anunoethyl)aminoacri-
dine (107), 5-dimethylaminonaphthalene-1-sulphonylhydrazine (106) and 
mercuric chloride (109). 
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High Performance Liquid Chromatographic Procedures 
High performance liquid chromatography (hplc) has found wide-
spread use recently as a technique for determining penicillins, ceph-
alosporins and related substances. It is particularly useful in 
pharmacokinetics because it enables the analyst to separate the drug 
substance and its metabolites from endogenous material and it is sen-
sitive and selective. Hplc has also been applied to the routine anal-
ysis of penicillin and cephalosporin products in industry although the 
only pharmacopoeia! citation is for cephradine in the U.S.P. Hplc has 
has been used to study the degradation of a number of penicillins and 
cephalosporins. 
White and eo-workers (110-112) reported the hplc separations of a 
number of antibiotics including several penicillins and cephalosporins 
but these were carried out on pellicular stationary phases. Newer, 
more eff~cient stationary phases have been more recently used by many 
other workers (e.g. 113-118) for the determination of penicillins and 
cephalosporins. Hplc has shown to be useful for determining penicil-
lins and cephalosporins in the presence of their degradation products 
(119-121) and has been used in a number of kinetic studies (23, 25, 
50, 122-124). 
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Other Analyt1cal Techn1ques 
Several analytical techniques other than those cons1dered above 
have been used to analyse pen1c11lins and cephalosponns. Many of 
these are of l1ttle more than academ1c interest but others, e.g. th1n 
layer chromatography and polarography, have been extens1vely used and 
others, e.g. 1nfrared spectrometry and nuclear magnetic resonance 
spectrometry, could be more frequently used. 
Thin layer chromatography (tlc) has been used 1n the ident1f1ca-
tlon of pen1c1lllns, cephalosporins and other antlbiotlcs (125-128) 
and the 1nvestigation of contam1nants and degradation products ( 129-
132). Paper chromatography has been s1milarly used but 1t is slow and 
therefore not widely used (128, 133, 134). 
Infrared (lr) spectrometry (135) and nuclear magnet1c resonance 
(nmr) spectrometry (136, 137) have found appl1cat1ons 1n the quallta-
tlve and quantltatlve analys1s of pemc1lllns and cephalosponns. 
Grav1metnc (138), manometnc (139) and enzyme enthalp1metnc (140) 
procedures have been used to determ1ne pen1c1ll1ns. 
Gas chromatography (gc) has been used for the determ1natlon of 
pemc1lhns (141, 142) although 1t necess1tates denvahsahon or 
pyrolysis. Mass spectrometry has been used 1n conjunction w1th gas 
chromatography (143). 
Electrochem1cal methods have been used for the determ1natlon of 
pemc11lins, cephalosponns and their degradation products. Coulo-
metrlc titrat1on (144) and 1mmobilised enzyme electrodes (145-147) are 
convenient and selective technlques. Polarography has been used by 
colleagues at Loughborough University of Technology to determ1ne ceph-
alosporlns (55, 57) and 1nvest1gate the1r degradat1on (53, 54, 56). A 
number of other workers have also found that polarography 1s a useful 
techn1que to apply to the analys1s of pen1c1ll1ns and cephalospor1ns 
(148-151). 
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APPROACH TO THIS WORK 
The degradation products of P-lactam anbbiotics are of 1nterest 
because of their role 1n allerg1c reactions, together w1th the need to 
assess the reactivity, stab1l1ty and potency of novel compounds. The 
reactions of one cephalosponn ,1-lactam anbb1otic, cephalexin, was 
selected for study in depth us1ng several analytical and computat1onal 
techniques. The usefulness of these techmques 1n elucidahng the 
complex sequence of degradat1on products was to be evaluated closely. 
In cons1der1ng the analyt1cal techniques to be used, 1t was 
essent1al to 1dent1fy the constra1nts 1mposed by work1ng 1n an 1ndus-
tr1al env1ronment. It would not be poss1ble to ga1n permanent access 
to p1eces of equ1pment \\Inch were needed for everyday use 1n the 
Department. The actual execution of the practical work could not be 
earned out dunng dayhme and, therefore, attention was given to 
analyt1cal techn1ques wh1ch could be left to run unattended overn1ght 
and the data analysed at a later date. 
Supposed Reactions 
It was believed from the publ1shed work that cephalexin degraded 
1nto four characteristic compounds, Compounds II to V (Scheme 21). 
A nlJ11ber of questions rema1ned unanswered by previous workers. 
F1rst of all, how much credence could be g1ven to Bundgaard's asser-
bon (51) that Compound IV 1s formed from Compound Ill or D1nner' s 
apparently contradictory asserbon (52) that Compound IV 1s formed 
from Compound 11? How much rellance could be placed on Bundgaard' s 
k1nebc expenments wh1ch follow the absorbance at a s1ngle wave-
length? That 1s, the determ1nat1on of the concentrat1on of cephalex1n 
by measurement of the absorbance at 26Znm m1ght have been d1storted by 
the emergence of the uv absorb1ng degradat1on products, Compounds Ill, 
IV and V. S1milarly, the determ1nat1on of the concentrat1on of Com-
pound Ill by measurement of the absorbance at 2B7nm m1ght have been 
~. OH S ~<;H-~·N..-fv'! 
NH, OJ.-~0H, 
CO.H 
Caphalaxln 
H 
~tNXHo [QJ ~~ 0 
Compound IV 
""r~?:: [QJ ~~)o 
Compound 11 
H 
~iN'f'NH, • [QJ ~~.Jo 
Compound Ill 
o{"'s') 
HOb{CH, 
Compound V 
Scheme 21. Expected Degradation Products of Cephalexln 
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distorted by residual cephalexin and production of Compounds IV and V. 
Such experiments are simple but may not give meaningful results. 
Bundgaard (49) also used a primary amine-specific colonmetnc assay 
and Tsuji and Yamana (50) used hplc, uv, Iodometry and hydroxamic acid 
assay techniques to determine the rate of loss of cephalexin. 
It was' hoped to Improve on reported work In two Important res-
pects. The first would be to Isolate, characterise and use the known 
degradation products as standards In the determination of concentra-
tions. Bundgaard, for example, Isolated the diketopiperazine Compound 
Ill (51) but did not use It as a standard for converting absorbance 
measurements to concentrations. The second would be to determine 
absolutely the concentrations and rate constants for Compounds II, 
Ill, IV and, If possible, V. It was not expected to be able to 
measure Compound 11 by the proposed techniques but kinetic data would 
be Inferred from the data for other components. 
Analytical Techniques to be used 
One of the techniques to be used In this work would be hplc 
because of its speci flcity, sensitiVIty to uv absorbing species and 
Its ease of automation. In theory there should be no difficulties In 
determining the concentrat1ons of Compounds I, Ill, IV and V. Other 
products may be observed, quantified and possibly Idenhfled. An 
objective of part of this work would thus be to assess the usefulness 
of hplc. It would also be possible to use a scanning spectrometer to 
help In the identification of chromatographic peaks. 
Uv spectrometry appeared an attractive technique with the advent 
of diode array spectrometers. In particular, the Hewlett Packard 
8450A offers valuable facihties for collecting high quahty spectral 
data. The Instrument IS capable of automation, data collection and 
multi-component analysis. The use of this Instrument w1th careful use 
of standards seemed attractive. Another object1ve of this work would 
be to assess how suitable this Instrument and similar 1nstruments 
would be. 
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Polarography was known to be useful for determining electrochemi-
cally actlve compounds such as some of the degradation products of 
cephalexin (53-57). If time permtted, differential pulse polaro-
graphy would be used With standard matenals. The possibill ty of 
using an electrochemical detector for monitoring the hplc eluate would 
be investigated. 
Computational Techniques to be used 
With the advent of the Inexpensive, accessible micro-computer, It 
IS comparatively easy to manipulate data mathematically. Part of this 
work would consist In using two mathematical techmques In order to 
assess their usefulness and robustness when applled to "real" data. 
"Factor Analysis" can be applied to spectrometnc data. This IS 
a mathematical means of treating data so that the nunber of species 
can be estimated. This techmque IS descnbed more fully In Chapter 
2. Spectrophotometric data gamed through using the Hewlett Packard 
8450A spectrometer would be readily applicable to Factor Analysis. An 
assessment of the usefulness of this technique would be made. 
Manual kinetic data calculations can be extremely monotonous, 
time-consuming and unreliable, particularly when testing complex mech-
anisms. A mathematical approach to the application of micro-computers 
to kinetic data mampulahon could be made by using a curve-fitting 
program called "LETAGROP" ("Pit mapping") which is explained more 
fully In Chapter 2. "LETAGROP" would be used and 1ts worth 1n analys-
Ing the data produced from the experiments would be assessed. 
The supposed reaction scheme contains a three step senes reac-
tion, I --> II __, Ill --> IV, where three of the reactants are theoreti-
cally measurable. The kinetics of three step reactwns are very 
rarely dealt with In llterature but they would be considered 1n this 
work. 
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Summary of Approach 
It was hoped that the work would shed some light on the supposed 
reaction scheme outlined above. The basic method of working would be 
to prepare and characterise degradation products. The reaction scheme 
would then be tested by monitoring the reactions of the degradation 
products. The reactions of Compound IV would be investigated first, 
the reactions of Compound Ill next and so on. At each stage some pre-
liminary work would be done to assess the best practical means of 
carrying out the task and then the reaction would be carried out, the 
data collected and analysed. The scope of this work would be limited 
to a single set of reaction conditions. The conditions chosen would 
allow cephalexin to react and form its degradation products within 
2-12 hours. Thus, overnight experiments could be carried out. 

----------------------------------------~ 
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CHAPTER 2- TECHNIQUES, EQUIPMENT, REAGENTS AND 
GENERAL EXPERIMENTAL CONDITIONS 
QUANTITATIVE ASPECTS OF ULTRAVIOLET/VISIBLE SPECTROMETRY 
Fundamental Laws 
I 
When a beam of monochromat1c light of 1ntens1ty I 0 1mp1nges 
normally onto an absorber of thickness 1, then the attenuat1on of the 
rad1ant beam 1s given by 
di/I 0 = kdl 
Th1s can be 1ntegrated to give 
I = I -kl o e 
( 1) 
( 2) 
wh1ch is known as Lambert's Law. The proporhonahty constant k is 
dependent on wavelength and concentration. 
The attenuat1on of the light beam 1s proport1onal to the number 
of absorbers 1n the beam and, therefore, 1 t is proportional to the 
concentration of a solution as well as the length of the absorb1ng 
medHJn. 
------------
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Equation 2 may then be rewritten as 
where c 1s the 
as Beer's Law. 
defining 
then 
Therefore 
deflmng 
then 
I = I 
0 
-kcl 
e (3) 
concentration of the absorbing species. This iS known 
Taking logarithms and rearranging, Equation 3 becomes 
(4) 
k' = k/2.303 
(5) 
(6) 
A = k'cl (7) 
and A iS known as the absorbance. This iS known as the Beer-Lambert 
Law. When c iS expressed in moles per litre then Equation 7 is nor-
mally wr1tten as 
A = • cl (8) 
where • 1s known as the molar absorptivity. 
As both A and ~ are wavelength dependent, then the absorbance at 
a wavelength,:>. nm AN iS given as 
A)..=•>-.cl (9) 
where •;x iS the molar absorptivity at that wavelength. 
If there are more than one absorbing species present, then the 
absorbances are additive and the total absorbance, AAT , iS given as 
1.e. 
AAT = •1c11 + <2c21 ••• + •ncnl (10) 
n 
= "•cl £..J i i 
i = 1 
(11) 
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Equat1on 11 can be wr1tten 1n matr1x form. 
1·f.·!:.· = ~ 
However, assum1ng the path length to be un1ty, 
E.C = A 
where 
E = 
-
E(1,1) 
E ( 1 , 2) 
E(1,m) 
=-
E(2,1) 
E(2,2) 
E(2,m) 
E (n, 1) 
E(n,2) 
E(n,m) 
( 12) 
(13) 
where the molar absorptlv1 tles for a swgle wavelength are g1ven 1n 
the rows of the matnx and the molar absorptlv1tles for a s1ngle 
spec1es are g1ven 1n the columns. 
-1 to g1ve~ and both 
Thus 
To solve Equation 12, matnx .E. 1s 1nverted 
- -1 
terms 1n the equat1on are pre-mult1pl1ed by b. 
~-1 ·~·f. = x:.-1.~ (14) 
now 
(the 1dent1ty matr1x) 
therefore 
wh1ch becomes 
-1 I.C = E .A 
-- -
-1 C = ~ .A (15) 
Such matnx algebra functions are standard on modern micro-computers 
such as the Hewlett Packard B5A. 
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This treatment IS only valld when the nunber of wavelengths, m, Is 
equal to or greater than the nunber of species in solution, n, and 
matriX r IS non-singular. 
In soph1sticated spectrometers such as the HP8450A many more 
wavelengths than spec1es are available and the concentration vector, 
£, is overdetermined. Th1s allows the uncerta1nty in the estimate of 
C to be calculated as well as statistical parameters to establlsh 
goodness of flt to standard spectral data. The HP8450A calculates 
the Independence of Standards (lOS) wh1ch Is a measure of the spec-
tral uniqueness of the standard spectra and the Relative Fit Error 
(RFE) wh1ch Is a measure of how well the sanple data set flts the 
correspond1ng calculated data set. A large !OS and a small RFE are 
sought when optim1s1ng mult1-component analytical parameters. 
It was shown in Equat1on 9 that absorbance, A, is a funct1on of 
wavelength,~, concentrat1on, c, and pathlength, 1, I.e. 
A = F(~)cl ( 16) 
The denvatives of A w1th respect to ~ are s1m1larly dependent. 
Thus: 
(17) 
(18) 
and so on. 
Denvative data are llnearly dependent on concentration 1n the 
same way as absorbances and can be treated 1n the same manner as 
shown above for obta1ning the concentrations of spec1es 1n a m1xture. 
The HP8450A provides the means for rap1dly produc1ng first and second 
derivatives. 
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Abstract Factor Analys~s 
Abstract Factor Analysis ~s a mathemahcal process to hnd the 
rank of a matnx where the rank ~s the nunber of non-zero e~gen­
values. Th~s rank ~s equal to the nunber of linearly independent 
variables in the data set and for the Beer-Lambert Law it ~s equal to 
the nunber of absorb~ng species. The process involves the follow~ng 
steps. 
The data matr~x A conta~ns absorbances for a nunber of solut1ons 
be1ng examined at a nunber of chosen wavelengths. 
Take the data matrix and normal~se it so that the resultant 
matr~x ~s as small as poss1ble (the resultant matrix ~s square wh~ch 
allows d~agonal~sat~on) 
!.·AT or AT·A 
D~agonallse the normallsed matnx so that the e~genvalues and 
assoc~ated e~genvectors are sorted 1n decreas~ng order. 
If there were no exper1mental error, then the nunber of non-zero 
e1genvalues would be equal to the nunber of absorb1ng species and the 
rest of the e1genvalues would be zero. However, ~n all exper1mental 
data, there is error and, therefore, all the e1genvalues are non-
zero. A nunber of stahstlcal tests are available which allow the 
chem~st to assess the probable nunber of s~gnihcantly non-zero eigen-
values. These tests are set out in Table 6 with theu assoc~ated 
cntena. No s1ngle test ~s def~mhve and all of the tests must be 
cons1dered before comlng to a dec1s1on. 
- 64 -
Table 6. Cr1ter1a for Assessing Factor Analys1s Data 
Test 
Standard error of e1genvalues 
Cumulat1ve sum of eigenvalues 
S1gma mulbples 
Residuals 
Mal1nowsk1's Factor Ind1cator 
Critenon 
Is the eigenvalue greater than 1ts 
assoc1ated standard error? 
Does the cumulative sum account for 
all the data? 
Is the expected value greater than 
the calculated value? 
Does the data come with1n 3 standard 
dev1at1ons of the mean? 
Are the res1duals small and normally 
d1stnbuted? 
Is this at a m1n1mum? 
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The progrEITls used for Factor Analysis 1n th1s work have been 
wr1tten by Dr. C. Burgess. 
The Hewlett Packard B450A Spectrometer 
A conventional spectrometer 1s based on the princ1ple of passing 
panchromatic hght through a monochromator to obta1n near monochro-
matic light. Th1s is passed by way of a sllt and necessary lenses 
and murors through a cuvette conta1mng the absorb1ng med1um and 
thence to a photomultipl1er tube which measures the intens1ty of the 
l1ght fall1ng upon 1t (F1g. 4). 
It 1s necessary to compensate for absorbance contr1but10ns from 
the reflectance of the cuvette, refract1ve 1ndex of the solvent, dls-
perslon, etc. by taking repeat measurements w1th the solvent 1n the 
cuvette 1n place of the sample or by spl1tting the beam 1nto two and 
plac1ng the solvent in a separate matched cuvette 1n a reference 
beam. 
However, the Hewlett Packard B450A spectrometer uses a confocal 
reversed optics system. In this system panchromat1c l1ght is passed 
through the sample cuvette before being d1spersed 1nto d1 fferent 
wavelengths by a curved holograph1c gratlng and focused onto a diode 
array. The d1ode array lS a series of photosens1bve deVlces, each 
of wh1ch measures the intens1ty of light falhng upon 1t (Flg. 5). 
The wavelength of the light measured is a funct1on of the position of 
the d1ode 1n the array. 
200-400nm (ln 1nm steps) 
The wavelength range of th1s 
and 400-BOOnm (ln 2nm steps). 
1nstrument 1s 
The operatlng pnnc1ple of thls spectrometer means that spectra 
can be measured 1n as short a t1me as 1s. The 1nstrument also con-
talns a m1cro-processor wh1ch aids computat1on and automat1on through 
the prov1s1on of the follow1ng fac1l1t1es: 
Rotating mirror Ratatlng mirror 
Sample cell 
Exit 
Entrance allt 
Grating Reference cell 
Lamp a 
Figure 4. A Typical Double-beam Spectrometer (Shlmadzu) 
Detector 
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mirror 
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Field 
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Figure 5 •. A Reverse Optics Diode Array Spectrometer (Hewlett-Packard) . 
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I 
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1) Rap1d measurement of spectra. 
2) Storage of data 1n memory. 
3) Storage of data on tape or d1sc. 
4) D1fferent1at1on. 
5) Quant1tat1ve calculat1ons (deconvolution of spectra). 
6) Measurement of error. 
7) Automat1on. 
B) Spectrum plott1ng. 
9) Pr1nt1ng out of results. 
10) T1med events. 
11) External commun1cat1ons 
plus a number of other fac1l1t1es. 
The HPB450A was used to control the spectrometnc measurement 
exper1ments through 1ts t1med events and external commun1cat1ons 
funct1ons. The apparatus was set out as represented 1n F1gure 6. In 
some prellm1nary expenments a relay actuator was used to start and 
stop the pump at pre-set 1ntervals for sampl1ng before spectral 
measurement. Exper1ments were carr1ed out as follows. 
A solution of the substance be1ng 1nvestigated was prepared 1n 
ethanol or methanol. A quantity of 0.5M Phosphate Buffer (pH 7.4) 
adjusted for the we1ght of the sample was allowed to come to tempera-
ture (60') 1n a Drechsel bottle m the water bath w1th a stream of 
n1trogen be1ng passed through 1 t v1a a s1ntered glass mesh. The 
mtrogen was saturated w1th water vapour by pass1ng 1t through a 
s1m1lar Drechsel bottle conta1mng d1stilled water at the same temp-
erature. The thermostatted flow cell was also allowed to come to 
temperature by pump1ng bath water through 1ts water jacket. 
When the system was cons1dered to be equ1llbrated, the appro-
pnate volume of sample solution was 1ntroduced 1nto the Drechsel 
bottle and, after a short v1gorous m1x1ng, the sampllng probe was 
1ntroduced. After one mlnute the spectrum of the solutlon was 
measured and averaged over ten seconds. Thls spectrum was recorded 
on tape or d1sc. Spectra of the solution were measured 1n thls way 
every thlrty mlnutes. 
Tharmoatatted flowcell Pump Reaction 
mixture Water 
- ,_N 
• 
- I-- - - . -7 --
HP84110A - - : - -- /:---
•' / . 0 -~ -:: ~ •' .::. -= ~-=- ~.= :~~ 
'-----
-------------
it Water bath 
Dlac or Printer Plotter 
tape drive 
Figure 6. Equipment for Spectrometrlc Measurements 
- 70 -
At the end of the expenment a selection of spectra were re-
called from tape or d1sc and plotted to allow 1nterpretation. Where 
necessary, the first and second derivative spectra were also plotted. 
When a set of data for Factor Analysis was required, the HP8450A was 
programmed to print the absorbance values with assoc1ated errors for 
selected wavelengths and selected spectra. When multi-component 
analysis was requ1red, the spectra of appropriate standard solut1ons 
were recalled from tape or d1sc and stored in the memory of the 
HP8450A with assoc1ated concentrat1on data. The spectrometer's mult1-
component calculation routine was then apphed to each spectrum 1n 
turn over the chosen wavelength range and the results punted out. 
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
H1gh performance l1qu1d chromatography 1s a separation techmque 
based on the part1t1on of substances between a stat1onary phase and a 
mob1le liqu1d phase. 
An 11lustration of the hplc process 1s shown 1n F1gure 7. Upon 
1ntroduction of a m1xture of substances ( "1njection") onto the top of 
the stationary phase bed (the "column"), separation beg1ns which 1s 
dependent on the differences in partition coeff1c1ents of the sub-
stances between the stationary phase and the flow1ng mob1le phase. 
The eluate is passed through a detector wh1ch responds to the sub-
stances being separated to produce a trace on a recorder wh1ch 1s 
known as the chromatogram and which cons1sts of a senes of "peaks". 
If the substance obeys the Beer-Lambert Law (for a uv/v1s spec-
trometr1c detector), then the amount of substance present 1s propor-
tional to the area of 1ts associated chromatograph1c peak. For a 
non-d1storted peak the amount of substance 1s also proportional to 
the peak he1ght. He1ghts may be measured w1th a rule but nowadays 
electron1c 1ntegrators are used to measure the peak areas which makes 
quant1f1cation stra1ghtforward. 
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Figure 7. The Chromatographic Process 
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The hplc configuration used in the principal experiments is 
shown In figure 8 where the labels for the essential items are under-
llned. The other i terns are speci flc to the expenments in Chapters 
5-8. The function of each Item and a brief discussion of the actual 
equipment used IS given below. 
Columns 
The stationary phase is customanly flnely divided silica of a 
mean particle size of 10, 5 or 3~m. The surface hydroxyl groups are 
frequently chencally modified by the addition of hydrocarbon/sill-
cone chains In order to achieve a range of phases With different 
polanties. The stationary phase IS normally packed by means of a 
slurry under elevated pressure Into a stainless steel tube (the 
column). 
The analytical column was a Shandon Southern stainless steel 
column, 10cm long and 5mm Internal diameter. It was packed with 5~m 
Spherisorb™ ODS for the principal experiments but a number of other 
stationary phases were used during the optim~sation of the chromato-
graphic conditions (see p.120). 
During the preliminary experiments It was found that the analy-
tical column's stationary phase was being dissolved sigm flcantly 
dunng an analytical run. Therefore, a saturation column was used 
which effectively saturated the mobile phase with sillca and preven-
ted significant dissolution of the analytical column. The saturation 
column was a stainless steel tube, 20cm long and 4mm Internal dia-
meter,fltted with Swagelok™ fittings Incorporatmg small pore-size 
fnts. The packing matenal was silica gel with a particle siZe of 
0.125mm to 0.250mm from Hopkin and Williams. 
Column Oven 
The column oven is essential for maintaining a umform tempera-
ture and high performance, otherwise retention tlmes would vary con-
siderably. 
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A Perkin-Elmer Model 601 hplc column oven was routinely used but 
in some preliminary experiments an Applied Research Laboratories 
Model 750 hplc column oven was used. The choice of oven was unimpor-
tant because both models thermostatted the column sat:lsfactonly at 
the working temperature of 60•. 
The mobile phase may be non-aqueous (normal phase hplc) or 
aqueous (reversed phase hplc). It IS forced under elevated pressure 
through the column by means of a pump. There are several types of 
hplc pump, two of which are the synnge pump and the reciprocating 
pump. The essential requirement IS that the solvent be dispensed 
with as little pulsing as possible. 
An Altex Model 110A reciprocating pump was used In the principal 
experiments but a Perkin-Elmer Model 601 pump was used in most of the 
preliminary experiments. The Perkin-Elmer Model 601 pump ensured 
noise free chromatograms but It was hable to break down If column 
pressures became excessive and it had too small a mobile phase capa-
city for the long experimental runs required. The Altex Model 11 OA 
pump was usually satisfactory but occasionally noisy chromatograms 
WIth variable retention times were produced because of gradual aera-
tion of the system. Other hplc pump models were also occasionally 
used. 
Injector 
The Injector is usually a valve designed to withstand the pres-
sures Involved. The sample loop can be typically 10-1000~1. 
A pneumatically operated valve system incorporating a Rheodyne 
701 0 valve was assembled and this was used throughout the pnncipal 
experiments. In most of the preliminary experiments a Rheodyne 7120 
valve was used. 
--- ------ - ---
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Detectors 
The detector 1s usually a uv/vis spectrometer with a small 
volume flow cell (typ1cally B~l). Other detectors are used, e.g. the 
electrochemical detector ment1oned in this work. 
It was found dur1ng the preliminary exper1ments that the Perkin-
Elmer Model LC-65T spectrometnc detector was the most stable and 
most sens1hve for th1s work. However, the Hewlett Packard Model 
1040A d1ode array spectrometnc detector offered the follow1ng advan-
tages over the LC-65T detector: 
1) Multiple wavelength detection. 
Z) Variable band width detect1on. 
3) The rap1d measurement of a complete spectrum. 
4) Magnet1c storage of chromatographic data. 
5) Magnet1c storage of spectra. 
6) Various chromatogram and spectrum plott1ng routines 
and 1t was decided to use the 1040A detector to confirm peak ident1-
ties as well as proV1d1ng a standard uv detechon fac1l1ty. The 
wavelength of detect1on used in most of the princ1pal exper1ments was 
Z70nm w1 th a band w1dth of 40nm which covered the wavelengths of 
max1mum absorpt1on of most of the compounds of 1nterest. Some of the 
princ1pal expenments were carried out using a detection wavelength 
of ZZOnm w1th a band w1dth of 4nm. The 1040A detector was proV1ded 
w1th a Hewlett Packard B5A micro-computer, a Hewlett Packard 7470A 
plotter, a Hewlett Packard BZ901M d1sc dnve and the necessary pro-
grams to run the system. 
A Perk1n-Elmer Model LC-55 detector was used 1n some 1mhal 
experiments, somet1mes with a Perk1n-Elmer Model LC-55-5 stopped flow 
scanmng accessory necessary for record1ng spectra of the eluate. 
Other spectrometric detectors were used in some of the prelimnary 
experiments. 
An electrochemical detector was assembled which cons1sted of a 
Pye calomel electrode as reference electrode, a Pye platlnum elec-
trode as counter electrode and a Metrohm glassy carbon electrode as 
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worklng electrode housed ~n Teflon™ block such that the hplc eluate 
~mp~nged normally onto the glassy carbon surface ~n a f~ne jet. The 
electron~c control un~t was the Princeton Appl~ed Research Model 174A 
polarograph~c analyser (see p.86). It was operated at voltages bet-
ween -0.25V and ~1.25V in the de polarograph~c mode. Th~s was used 
in a few prel~minary experiments. 
Data Process~ng 
Chromatograns were recorded during several prelim~nary ex per I-
ments on a Smith's Servoscribe™ 1S recorder and, ~f required, the 
heights of the resultant peaks were measured using a rule. 
For the pr~ncipal experiments a Hewlett Packard Model 3390A 
integrator was used. 
System Control 
A Hewlett Packard 85 m~cro-computer was progranmed to control 
the experiment through a Hewlett Packard 59306A relay actuator 
(Appendix I). The relay actuator performed the contact closures 
necessary to start and stop ~terns of equipment when required. The 
program executed the follow~ng rout~ne: 
1) Start the per~staltic pump (sampling). 
2) Wait 30 seconds. 
3) Stop the penstaltic pump, operate the valve (Injection) and start 
the integrator. 
4) Wait 30 minutes. 
5) Stop the Integrator and reset the valve. 
6) Wait 29.5 minutes. 
7) Start again at step 1. 
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Other Apparatus 
An Ismatec Model M1ni S peristalbc pump was used to dehver 
sample to the 1njector 1n the pnncipal experiments and in some of 
the prelim1nary experiments. 
A Grant Model SB or a Haake Model 03 water bath was used for 
maintain1ng the temperature of the react1on solut1on. 
Drechsel bottles and other sundries were used as required. 
Hplc Exper1mental Procedure 
The hplc oven and detector were sw1tched on and allowed to stab-
1hse, A large volume of the mobile phase, wh1ch was 0.25M sodwm 
perchlorate 1n a solut1on of 10% v/v methanol 1n water, was prepared 
and deaerated by sparging w1 th helium for at least hve m1nutes. The 
mob1le phase was pumped at 1ml m1n-1 through the column and the rest 
of the chromatograph1c system for at least twenty m1nutes before the 
run was started to allow equ1l1brat1on. Wh1le hplc equ1l1brat1on was 
tak1ng place, the appropriate quantity of 0.5M Phosphate Buffer Solu-
bon (pH 7 .4) was placed in a Drechsel bottle in the water bath and 
allowed to come to 60' w1th nitrogen sparg1ng. When the system had 
been allowed to stab11ise, the sample solution was prepared as des-
cr1bed 1n the 1ndiv1dual experimental chapters and added to the 
Buffer Solution as qu1ckly as poss1ble. The experiment was then 
started using the system control procedure described above. 
At the end of the experiment the data was collected and pro-
cessed as descr1bed 1n the 1nd1vidual experimental chapters. 
- - -----------------
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KINETICS 
Cons1der the reaction 
k 
A-B 
the rate of reactlon, d[A]/dt, may be expressed as a functlon of the 
concentrat10n of A, [A]: 
d[A]/dt = -k[A] (19) ' 
where [A] is the concentration of A and t = time or, more generally, 
-dc/dt (20) 
where c = concentrat1on. 
When a nunber of spec1es are 1nvolved, they often interact 1n 
non-simple ways and the rate of reactlon of any particular spec1es 1s 
dependent on the concentrations of 1tself and 1nteractlng spec1es. 
Thus: 
I n1 n2 n3 -dc1 dt = kc1 c2 c3 ••••• (21) 
The "order of react1on", n 1s deflned as 
n = "1 + "z + "3 + ••••••••• 
Thus a "fust order" reaction 1s one in wh1ch n1 = 1, n2 = n3 = = 0 
-dc1/dt = kc1 (22) 
k 1s called the "rate constant". 
In order to determine k it 1s necessary to 1ntegrate Equatlon 21: 
-dc/c = kdt (23) 
The llm1ts of 1ntegration 
and c = et at t = t. Therefore 
are commonly set at c = c 
0 at t = o 
(24) 
(25) 
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or 
(26) 
or 
(27) 
It 1s sometimes necessary to use the decrease 1n concentrat1on, 
x, at time t, as the measured var1able and the equat1on becomes 
ln[c/(c
0
-x)] = kt (28) 
These equations apply l<klen the spec1es 1s a flrst order reac-
tant. If the spec1es 1s a first order product ("B" 1n the react1on 
scheme above), then Equat1on 27 becomes 
ln[c~/(c~-x)] = kt (29) 
where c~ 1s the concentat1on at the end of the react1on 
For a ser1es of consecut1ve react1ons, e.g. 
rate constant 
A 
concentrat1on x 
B 
y 
the d1fferent1al equat1ons descr1b1ng the system are 
-dx/dt = k1x 
and 
dz/dt = k2y 
As above 
x = x
0
e-k1t 
then subst1tut1ng 1n equat1on 
1f y = o when t = o. 
It 1s known that x + y + z = x0 then 
c 
z 
(30) 
(31) 
(32) 
(33) 
(34) 
(35) 
(36) 
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For a series of consecutive reactions, e.g. 
rate constant k1 k2 k3 
A-s-e-o 
concentration w X y z 
the integrated equations are 
(37) 
(39) 
[k1k3e-k2t/(k1-k2)(k3-k2)]-
(40) 
The curves described by these equat1ons are shown In Figures 9-11. 
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Calculat1on of Rate Constants 
Manual Calculation for a Single First Order Reactant 
A graph of ln (c0 /ct) aga1nst t is constructed and, 1f the 
reaction 1s fust order, the resulhng hne w11l be stra1ght w1th a 
slope equal to the rate constant, k. 
Manual Calculations for a S1ngle F1rst Order Product 
A value for c~ must be obtained by allowing the react1on to pro-
ceed for a suff1c1ently long time or by construchng a graph of et 
against t and extrapolahng the resulting line to obta1n an eshmate 
of c00 • A graph of ln(c .. /c.,.-ct) aga1nst t 1s constructed and, 1f 
the reach on 1s fust order and the estimate of c.., 1s sabsfactory, 
the resulting line w11l be stra1ght w1th a slope equal to the rate 
constant, k. 
When it is not possible to obta1n a satisfactory value for c..,, 
1t 1s possible to use other methods of calculating the rate constant. 
One such method 1s Guggenheim's Method (152). It has been shown that 
1f measurements of the concentrat1on are taken at constant increments 
of at, then the rate equat1on (Equat1on 27) can be expressed as 
follows 
or 
kt + ln(ct - ct+at) = a constant (42) 
The 1ncrement, at, is set to be comparatively large (two or 
three times the half-hfe penod 1s recommended) and ln(ct - ct+at) 
is plotted against t. The resulhng hne w11l be straight 1f the 
reacbon is fust order with a slope equal to the rate constant, k. 
• 
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Computed Calculations for F1rst Order React1ons, S1ngle Step or 
Mulhple Step 
It 1s possible to program modern m1cro-computers to carry out 
curve-htting rouhnes wh1ch w11l eshmate the goodness of ht of 
several equations to a data set. The program W1ll normally produce 
the equat1on with the best f1t as estimated by some parameter such as 
least mean squares. The rate equat1ons above have two unknowns (c
0 
or ea. and k for single step first order reachons, Equahon 27), three 
unknowns (c
0
, k1 and k2 for two step f1rst order reactions, Equations 
35 and 36) or four unknowns (c
0
, k1 , k2 and k3 for the second and 
third products of three step fust order reachons, Equations 39 and 
40) and 1t 1s conven1ent to est1mate these unknowns by a curve-f1tt1ng 
program. 
One such program 1s known as "LETAGROP" (Swedlsh for "pit-map-
p1ng11 wh1ch has been described by Sillen (153,154). The program is 
an 1terat1ve routine l1ke most least squares methods but, unl1ke many, 
1 t can be used to f1 t duectly non-llnear functions such as the rate 
equations descr1bed above. S1llen's program has been adapted by Dr. 
R.L. Tranter for use 1n this work. 
---------------------
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OTHER TECHNIQUES AND EQUIPMENT 
D1fferent1al Pulse Polarography 
' Polarography 15 voltammetry at a dropp1ng mercury electrode 
(D.M.E.). The potent1al d1fference between the D.M.E. and a plat1num 
electrode is 1ncreased hnearly with time and the resulhng current 
measured. A saturated caloll'el electrode or a Ag/AgCl electrode 15 
used as a reference electrode. The point at wh1ch the maximLm rate 
of 1ncrease of current w1th respect to voltage is found for an elec-
troact1ve spec1es 1s known as the half-wave potentlal. The 1ncrease 
1n current is proportional to its concentrat1on. 
D1fferent1al pulse polarography 1s the measurement of the 
change 1n current before and after the apphcatlon of a low voltage 
pulse near the end of the mercury drop l1fe. Further theoret1cal and 
pract1cal deta1ls are g1ven 1n the text by A.M. Bond (155). 
The electrometer umt and mercury drop controller was a Pnnce-
ton Appl1ed Research Model 174A polarograph1c analyser and the D.M.E. 
was a Pnnceton Apphed Research Model 310 polarograph1c detector. 
The D.M.E. was replaced w1th a glassy carbon electrode for use 
as a hplc detector ( p. 76) and the electrometer was used 1n a pulse-
less d.c. polarograph1c mode. 
Computing 
All computer programs were wntten 1n BASIC (156). The com-
puters used were the HPB5A and the HPB7XM m1crocomputers. The HPB7XM 
m1crocomputer had the larger memory and 1t was therefore used 1n pre-
ference to the HPB5A for some Factor Analys1s and "LETAGROP" calcula-
tions. 
---------------------------------------------------------------------------------, 
- 87 -
The programs used were as follows: 
1. "TIMER" a program to control the automated hplc 
experiments (Appendix 1). 
2. "F ADAT" a program to create data files for Factor 
Analys~s (Appendix 2). 
3. "845001" a program to transfer spectral data from 
the HP8450A to the HP85A (written by Mr. 
E. Scorer). 
4. "FA16AE" and chained programs for Factor Analys~s 
"FA16BE" (wr~tten by Dr. C. Burgess and mod~f~ed by 
the author). 
5. "LETAGN" . a program to ~mplement "LETAGROP" (wr~tten . 
by Dr. R.L. Tranter and mod~f~ed by the 
author). 
6. "LETAGK", . mod~ f1catlons of "LETAGN" made by the . 
"LETAG3" and author to allow further calculations. 
"LETAG4" 
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REAGENTS AND SOLUTIONS 
All reagents were AnalaR grade except where otherw1se 1nd1cated. 
0.3M potass1um d1hydrogen phosphate 
Dissolve 40.8g potass1um dihydrogen phosphate 1n about 800ml 
water with heating and stirring. Allow to cool and d1lute to 11 
w1th water. 
0.3M disod1um hydrogen phosphate 
D1ssolve 42.6g d1sodium hydrogen phosphate 1n about 800ml water 
with heahng and stirnng. Allow to cool and dilute to 11 w1th 
water. 
0.3M Phosphate Buffer (pH 7.4) 
Adjust the pH of 0.3M d1sod1um hydrogen phosphate to pH 7.4 w1th 
0.3M potassium dihydrogen phosphate. 
0.5M potassium d1hydrogen phosphate 
Dissolve 68g potassium d1hydrogen phosphate in about 800ml water 
w1th heat1ng and st1rr1ng. Allow to cool and d1lute to 11 w1th 
water. 
0.5M d1sod1um hydrogen phosphate 
D1ssolve 71g disodium hydrogen phosphate 1n about 800ml water 
with heating and stirnng. Allow to cool and dilute to 11 w1th 
water. 
--------------
- 89 -
1 
0.5M Phosphate Buffer (pH 7.4) 
Adjust the pH of 0.5M d1sodium hydrogen phosphate to pH 7.4 w1th 
0.5M potass1um d1hydrogen phosphate. 
0.25M Sod1um Perchlorate 1n 5% Aqueous Ethanol 
D1ssolve 75.2g sodium perchlorate 1n 10Dml ethanol and add suf-
flcient water to produce 21. 
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CHAPTER 3 - SYNTHESES OF COMPOUNDS OF INTEREST 
TECHNIQUES AND EQUIPMENT USED FOR THE CONFIRMATION OF STRUCTURES 
Organic Functional Group Tests 
The orgamc funct1onal group tests were taken from "Spot Tests 
1n Orgamc Analys1s" by Fe1gl ( 157). Methanohc solutions of the 
compounds under 1nvesbgation were prepared and d1v1ded among several 
small test tubes. Each test except the ketone test was carried out 1n 
turn on one sample of each solut1on so that 1t was poss1ble to draw up 
a comprehensive table of responses (Table 7). Solubons of appro-
pr1ate reference compounds were used where there was any doubt about 
the nature of the response and blank tests were also carried out. The 
follow1ng are the tests that were used. 
Aldehyde Test 
Recrystalhse a small quantity of 1ndole from 2,2,4-trimethyl-
pentane and suspend about 20mg in 3ml concentrated hydrochlor1c 
acid. Immed1ately add a few drops of this solution to one or 
two drops of the test soluhon and leave m the steam bath for a 
few minutes. A p1nk to orange colour 1nd1cates the presence of 
aldehydes. 
Enol Test 
Add saturated bromine water to a drop of the test solut1on until 
the yellow colour pers1sts. Decolor1se the solution with a sat-
urated solution of sulphosalicyhc ac1d. Add a few drops of 5% 
w/v potassium iodide followed by a few drops of freshly prepared 
starch solut1on. A blue colour indicates the presence of enols. 
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Anune Test 
Place a drop of a saturated solution of 4-(N-dimethylamino) 
benzaldehyde on a fllter paper and allow to dry. Place a drop 
of the test solution on the sane spot on the fllter paper and 
warm at 1 oo• C for three minutes. A yellow stain Indicates the 
presence of amines. 
Carboxylic Acid Test 
Place a small quantity of the test material in the bottom of a 
small boillng tube and add two drops of thionyl chloride. Heat 
on the steam bath for five minutes and cool. Add two drops of a 
saturated solution of hydroxylamine hydrochloride in methanol 
and sufficient saturated methanolic potassium hydroxide solution 
to make the mixture alkallne. Heat on the steam bath for flve 
minutes and cool. Add sufficient 1M hydrochlonc acid to make 
the solution acidic and add a few drops of 1% w/v aqueous ferric 
chloride. A deep violet colour Indicates the presence of a car-
boxylic acid. 
Ester Test 
Place a small quantity of the test material In the bottom of a 
small b01l1ng tube and add two drops of a saturated solution of 
hydroxylanine hydrochlonde In methanol and a drop of saturated 
methanollc potassium hydroxide. Heat for thuty seconds on the 
stean bath and allow to cool. Add sufficient 1M hydrochloric 
acid to make the solution acidic and add a few drops of 1% w/v 
aqueous fernc chloride. A deep violet colour indicates the 
presence of an ester. 
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Ketone Test 
Add a drop of 1% w/v 1,J-d1n1trobenzene in methanol and a drop of 
saturated methanohc potassium hydrox1de to a drop of the test 
solut1on and warm for three minutes on the steam bath. A V1olet-
red colour 1nd1cates the presence of a ketone. 
Chlor1de Test (158) 
Add a drop of d1lute nitric acid to a few drops of the test 
solution and add a few drops of silver n1trate solution. A 
white precip1tate 1nd1cates the presence of chloride. 
Th1n Layer Chromatography (tlc) 
Both D1nner (52) and Bundgaard (49 and 51) used th1n layer chro-
matography to follow the course of reacbon dunng theu preparabve 
work and also as a conf1rmatory test. Th1n layer chromatography was 
carr1ed out on the samples prepared using the cond1t1ons descr1bed by 
D1nner. 
Prepare a solution of the specimen in methanol or ethanol at a 
concentrat1on of about 5mg/ml. Apply 2~1 of th1s solut1on to a 
10cm x 10cm "Nanoplate" (Merck) silica gel 60 254 th1n layer 
chromatography plate and allow to develop for about Bern with 
ethyl acetate/acetone/acebc ac1d/water (5: 2:1:1) as develop1ng 
solvent. Allow to dry and v1sualise the spots us1ng uv hght 
(254nm) and 1od1ne vapour. 
The pr1nc1pal results are laid out 1n Table 7. Bundgaard used a 
shghtly different developing solvent winch was ethyl acetate/ace-
tone/acet1c ac1d (5:2:2:1) and this has also been used. 
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Table 7. Responses of Synthes~sed Compounds to funct~onal Group Tests 
Compound 
Test 
Aldehyde 
Enol 
Am~ ne 
Carboxyhc 
Ac~d 
Ester 
Chlonde 
Ketone 
Blank 11 Ill 
+ 
(on st ending) 
fa~nt 
(on stand~ng) 
famt 
+ 
- Yellow ppt -
IV V Unknown 
+ + v. faint 
+ 
+ 
Reference 
+ 
(Benzaldehyde) 
+ 
(Cephalex~n) 
+ 
(Acetlc Ac~d) 
+ 
(Ethyl acetate) 
+ 
(Hydrocortisone) 
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Table B. Summary of the Rf Values and (Rf) Values relat~ve to 
Cephalex~n for Compounds Synthes~sed by th~s Author, 
Dinner and Bundgaard 
Cephalexin 
Compound II 
Compound III 
Compound IV 
Compound V 
Th~s Work 
Dinner's 
Phase 
0.36, D.36 
(1.0 ' 1.0) 
0.74, 0.72 
(2.1 ' 2.0) 
0.89, 0.89 
(2.5 ! 2.5) 
0.64, 0.64 
(1.8 ! 1.8) 
0.92, 0.92 
(2.6 ! 2.6) 
Bundgaard' s 
Phase 
0.23 
(1.0) 
0.47 
(2.0) 
0.97 
(4.2) 
0.80 
(3.5) 
0.93 
(4.0) 
D~nner 
0.14 
(1.0) 
0.78 
(5.6) 
0.91 
(6.5) 
Bundgaard 
0.34 
( 1.0) 
0.67 
(2.0) 
0.79 
(2.3) 
0.95 
(2.8) 
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Instrumental Exam1nat1ons 
The spectra obta1ned by the spectrometr1c techn1ques were lnter-
preted us1ng the work by Silverste1n and Bassler as a reference (159). 
Melt1ng Po1nts (m.p.) 
The melt1ng po1nts were determ1ned using a Buch1 Model 510 melt-
lng po1nt apparatus. 
Infrared (lr) Spectra 
Potass1um brom1de d1scs of the compounds were prepared and 
1nfrared spectra were recorded us1ng a Perk1n-Elmer Model 157G 
spectrometer. 
Ultrav1olet/V1s1ble (uv/vls) Spectra 
Solutlons of the compounds were prepared as md1cated 1n the 
text and spectra were recorded in a 1cm cuvette us1ng a Hewlett 
Packard 8450A diode array spectrometer. 
Mass Spectra (ms) 
Sol1d samples were 1on1sed 1n the manner 1nd1cated 1n the text 
and the result1ng spectra recorded us1ng a Var1an MAT 311A mass 
spectrometer. The spectra were recorded by Dr. R. Fletton at Glaxo 
Group Research, Greenford. 
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Nuclear Magnet1c Resonance (nmr) Spectra 
Solutions were prepared 1n J -d1methylsulphox1de and the proton 
nuclear magnetic resonance spectra were recorded using a Var1an XL200 
200MHz nmr spectrometer. The spectra were recorded by Dr. R. Fletton 
at Glaxo Group Research, Greenford. 
Elemental Analys1s 
Samples were analysed for carbon, hydrogen and mtrogen us1ng a 
Carlo Erba 1106 elemental analyser and, where appropnate, they were 
analysed also for sulphur using another Carlo Erba 1106 elemental 
analyser. Th1s work was carried out by M1ss P.J. MacDonough at Glaxo 
Group Research, Greenford. Theoretical values are g1ven in brackets. 
Optical Rotation 
This was carr1ed out using an Opt1cal Act1vity Model AA100 
polanmeter. 
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The Synthes1s of 2-(3,6-dloxo-5-phenyl-2-plperazlnyl)-3,6-dlhydro-5-
methyl-2H-1,3-thlazlne-4-carboxyllc ac1d (Compound !la) 
lla 
S~Ha ~~N)coaH 
N)o 
H 
lib 
A procedure for prepanng 2-(3 ,6-dloxo-5-phenyl-2-plperannyl) 
-3, 6-dlhydro-5-methyl-2H-1, 3-thlazlne-4-carboxylic ac1d (Compound 
lla) 1s g1ven by Bundgaard (48). Th1s procedure was 1mtlally used 
w1thout s1gn1f1cant alterat1on. However, the product d1d not seem to 
be pure and the method seemed to glVe a van able product (see hplc 
prel1m1nary exper1ments on p.122). 
Bundgaard's procedure was mod1f1ed by allow1ng the react1on mix-
ture to stand at room temperature for 24 hours rather than at 60" C 
for 24 hours. Th1s was to prevent the formation of Compound Ill 
wh1ch 1s 1nd1cated by the production of a crystalllne prec1p1tate, 
otherw1se a certa1n amount of Ill 1n the react1on solution would 
almost certa1nly go through the extract1on process to contam1nate the 
sample of 11 obta1ned. The procedure used was as follows. 
D1ssolve 4g cephalex1n 1n 200ml 0.3M Phosphate Buffer (pH 7 .4) 
and allow to stand at room temperature for 24 hours. Adjust the 
pH to 3.0 .:!:. 0.1 w1th concentrated hydrochlonc ac1d. Extract 
Wlth two 100ml port1ons of ethyl acetate, comb1ne the extracts 
and wash w1th two 10ml port1ons of water. Dry the extracts over 
anhydrous sod1um sulphate and evaporate off the ethyl acetate at 
60"C under vacuum. Suspend the res1due 1n 30ml hot chloroform 
and f1lter. Dry the sol1d at 50"C under vacuum. 
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Using th1s procedure, 0.63g (theoret1cal y1eld 15.8%) of a yel-
low powder was obtained. It was character1sed as follows. 
Appearance: An amorphous yellow powder. 
~: 132'C (d) (Bundgaard gives 130- 132'C (d)). 
tlc: See Table B. 
uv/v1s: 3 peaks ( E= about 760) between 250nm and 270nm. 
1r: 3005cm-1 
-1 2900cm 
-CON-H 
-CO O-H 
-NHC=O and -C:NC-1660cm-1 
-1 1770cm 
1720cm-1 
Impur1ty peaks vary1ng 1n 
intens1ty from batch to batch 
ms: FD: 
--
m/z = 347.1 
m/z = 303.2 
g (ea 350'C): m/z = 347.1 
m/z = 303.1 
m/z = 132 
m/z = 106.1 
(ea 400'C): m/z = 176.1 
m/z = 106 
molecular 1on [M]+ 
[MJ!co2 
molecular 1on [M]+ 
[MJ+-co2 
[Ph~H-NH2t 
CO 
[PhCH:NH2]+ 
1mpur1ty (see below for comments) 
[PhCH=NH2]+ 
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nmr: The nmr spectrum was consistent with the following composi-
tion: 
about 90% I Ib as a 3:1 mixture of diastereomers 
about 10% Ila 
After 8 hours this had Isomerised to give about 60% Ila. The 
following assignments were made for Isomer lib (the doubllng of 
peaks arises from the two diastereomers). 
Shift, T 
2.4 - 2.8 aromatic, a 
4.60 and 4.87 b 
1.79 and1.91 c 
5.90 and 5. 72 d 
4.51 and 4.68 e 
1.40 and 1.42 f 
about 7.0 g 
8.74 and 8.76 h 
6. 78 and 7.29 I 
Elemental Anal:t:sis (C16H16N304S): The following analysis was 
obtained: 
c (55.3%) 54.4% 
H (4.9%) 4.9% 
N (12.1%) 12.1% 
5 (9.2%) 8.9% 
See below for comments. 
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Funct1onal Group Tests: See Table 7. 
Spec1f1c Rotat1on (DMF): [a]d= +45' (after 15 m1nutes) 
[a]d = -16' (after 6 hours 35 m1nutes) 
Comments on the Compos1t1on and Pur1ty of Compound II 
The nmr analys1s showed qu1te clearly 
obta1ned as a m1xture of 1somers Ila and lib. 
slowly 1n DMSO-cf to Ila. It would seem that 
that Compound II was 
The sample 1somer1sed 
a poss1ble method of 
obta1n1ng Compound II in a single isomeric form would be to leave the 
sample In DMSO solution and follow the reaction to completion w1th 
nmr. A sohd sample could then be obtained by freeze drying. The 
gradual change 1n spec1flc rotation of a DMF solution was a further 
conf1rmat1on of structural change. 
The ms analys1s showed qu1te clearly an 1mpunty peak at m/z = 
176.1 for th1s 1on appeared at only the upper El temperature and 1t 
cannot be readily explained by cleavage of Compound II. The Ion cor-
responds to an empuical formula of c9H8N2o2• The elemental analy-
S1s of the sample of Compound II synthesised and exam1ned d1d not 
correlate precisely w1th the expected analys1s and an 1mpunty w1th 
the suggested emp1r1cal formula would account for about 6%. 
Infrared spectra of four batches of Compound II prepared sepa-
rately showed two peaks at 1770cm-1 and 1720cm-1 wh1ch vaned 1n 
relative 1ntensity from batch to batch and therefore seemed to be 
caused by one or more 1mpunties 1n the samples. Phenylhydanto1n 
(C9H8N2o2) was suspected because of 1ts molecular weight (176) and 
because 1 t was reported as hav1ng Infrared peaks at 1770cm - 1 and 
-1 1720cm • However, exam1nat1on of the nmr spectra and hplc chromate-
grams showed that there 1s no phenylhydanto1n present. 
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The Synthes1s of 6-(aminomethylene)-3-phenyl-2,5-plperazlnedlone 
(Compound Ill) 
H 
N'f"NH2 
N)-0 
H 
Ill 
The procedure given by Bundgaard (51) was adopted. Th1s method 
appeared to be qu1te robust 1n that the length of the reachon hme 
could be var1ed without s1gn1ficantly affect1ng the y1eld. The reac-
tlon was carr1ed out typ1cally as follows. 
D1ssolve 4g cephaleXln m ZOOml 0.3M Phosphate Buffer (pH 7 .3) 
and mainta1n at 60' for B hours. Cool and f1lter off the cop1ous 
off-wh1te crystall1ne precip1tate under vacuum. Wash the res1due 
w1th 3 portions (10-ZOml) cold water. Dry at 50' under vacuum 
overnight. 
A typ1cal yield would be O.BBg (33.6%). There appeared to be 
some loss of matenal when washed Wl th water. It was characterised 
as follows. 
Appearance: A flaky off-white crystal w1th a d1stinct sheen. 
~: >300'C. 
tlc: See Table B. 
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uv/vis: ;>..max (EtOH or MeOH) = 287nm • = 
:>..max (EtOH/0.1MNaOH) = 297nm •= 
:>..max (EtOH/0.1MHCl) = 287nm •= 
(Bundgaard gives ;>.. max as 286nm WIth 
-1 3200 and 3370cm 
-1 1640cm 
1705cm-1 
1560cm-1 
1J20 and 120Bcm-1 
-NH2 
-NH-C=O 
-C=C-
-NH2 
=C-N 
18,500 
14,200 
20,300 
• = 17 '700). 
ms: This was consistent with the proposed structure WIth the 
following assignments: 
m/z = 217 molecular Ion [M]+ 
m/z = 188 [M]+-CHNH2 
m/z = 106 [PhCH=NH2]+ 
m/z = 91 [PhCH2]+ 
nmr: 
Shift, T 
2.5 - 2.8 aromatic, a 
0.69 b 
5.35 c 
4.24 d 
2.29 e 
5.10 f 
- 103 -
Elemental Analysis (c11 H11 N3o2 ): The following analysis was 
obtained: 
c (60.8%) 60.5% 
H (5.1%) 5.1% 
N (19.4%) 18.9% 
Functional Group Tests: See Table 7. 
The Synthesis of 6-(hydroxymethylene)-3-phenyl-2,5-piperazinedione 
(Compound IVa) 
H 
NY"oH 
N)-0 
H 
IV a IVb 
H 
N'yCHO 
N_)-0 
H 
Dinner (52) gives a procedure for prepanng this matenal from 
cephalexin but attempts to repeat this proved abortive. The most 
successful execut10n of Dinner's procedure gave a product contalning 
5 compounds shown by thin layer chromatography to include Compounds 
11, Ill and IV. A number of other routes to the preparation of Com-
pound IV were also attempted and some of these are outhned here. 
Dunng the preparation of Compound V from Compound 11 (p.109), 
the aqueous layer remaimng after chloroform extraction was freeze-
dried. It was thought that this would contain appreciable quantities 
of Compound IV. However, attempts at recrystallising Compound IV 
from this residue using d1chloromethane/methanol (after D1nner) were 
unsuccessful. 
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Some exper1ments were carr1ed out 1nto the 1solat1on of Compound 
IV by freeze dry1ng a reaction m1xture and solvent extract1ng the 
res1due. A react1on m1xture of, for example, 2g cephalex1n d1ssolved 
1n 150ml 0.5M Phosphate Buffer (pH 7 .4) was ma1ntamed at 60" for 3 
hours w1th n1trogen sparg1ng. After freeze dry1ng, a number of 
samples of the res1due were taken up w1th d1fferent solvents. The 
resulting extracts were exam1ned by hplc, th1n layer chromatography 
and uv/v1s spectrophotometry and 1t appeared that methyl acetate 
would allow the isolation of a single product. However, when th1s 
procedure was scaled up, the product obta1ned after removal of methyl 
acetate was shown by hplc, thin layer chromatography and uv/vis spec-
trometry to be qu1te impure. Attempts at punfy1ng the matenal by 
recrystall1sat1on were not successful. Some of the freeze-dr1ed res1-
dues were submitted to preparative hplc us1ng a large ODS-s11lca 
column w1th methanol/water mob1le phases. However, contam1nated 
eluates were obta1ned no matter how carefully and how often the sys-
tem was cleaned. 
Some attempts were made at work1ng up the freeze-dned res1dues 
w1th sod1um b1sulph1te reagent (161) on the suppos1t1on that 1f Com-
pound IV was present as the aldehyde (IVb) or was 1n resonance form 
between the aldehyde (IVb) and the enol (IVa), then the b1sulph1te 
add1tion product would be formed and be crystalhsed out. 
attempts were not successful. 
These 
The route to the synthes1s of Compound IV was d1scovered by 
not1ng Bundgaard's observat1on that Compound Ill reacts in 0.1M 
hydrochlonc ac1d urevers1bly to g1ve a product w1th a qu1te dlf-
ferent uv spectrum. A s1milar expenment was earned out w1th a 
solution of Compound Ill in 0.1M hydrochlonc ac1d and momtonng 
every hour for 9 hours. The react1on t1me d1d not appear to be cr1t1-
cal, the spectrum be1ng fa1rly constant between 3 hours and 9 hours. 
When the concentrat1on of Compound Ill was increased, the new product 
was precip1tated out of solution as flne, pale yellow, needle-llke 
crystals (p.111). Subsequent examination showed th1s product to be 
Compound IVa. By alter1ng the concentrat1on of Compound Ill and the 
concentrat1on of hydrochlor1c ac1d, another product s1m1lar 1n appear-
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ance to Compound IVa was obtained. Examination of this matenal 
showed it to be quite different from Compound IVa and It was con-
sidered at fust to be Compound IVb but this was shown to be untrue 
(p.114). 
The procedure used was as follows. 
Dissolve 0 .5g 6-(aminomethylene)-3-phenyl-2, 5-piperannedione 
(Compound Ill) In 5ml concentrated hydrochloric acid quickly. Add 
150ml cold water Immediately and leave In the refrigerator overnight. 
Filter off the resulting crystals under vacuum and wash with a little 
cold water (about 25ml). Dry under vacuum at 50'C overnight. 
The yield from this procedure was typically 0.27g (53%) and the 
product was characterised as follows. 
Appearance: Small, pale yellow, needle-like crystals. 
~: 233 - 234"C. 
tlc: See Table B. 
uv/vis: X max (Me OH) = 260nm 
Xmax (MeOH/0.1NHCl) = 25Bnm 
Xmax (MeOH/0.1NNaOH) = 292nm 
-1 Ir: 3200 - 2800cm 
1660cm-1 
1605cm-1 
C-H, N-H and 0-H 
-NH-C=O 
:CHOH 
·= 11,600 
•= 10,800 
•= 17' 900 
ms: m/z = 218 
m/z = 190 
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~: The spectrum obtained was consistent with the proposed 
structure with the following assignments. 
c 
~rd e OH 
N 0 
Hr 
Shift,T 
2.5- 2.7 aromatic, a 
5.02 b 
0.68 c 
3.03 d 
<O (very broad) e 
1.74 f 
Elemental Analysis (c11 H10N2o3): The following analysis was 
obtained: 
c (60.6) 59.2 
H (4.6) 4.7 
N (12.8) 12.5 
Functional Group Tests: See Table 7. 
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Comments: The bathochromic shift of uv/vis absorption In basic 
solution is consistent with the proposed structure 
because the enol proton would be expected to show 
acidic properties, i.e. 
Note that -CHO would be expected at around 1740 -
1720cm-1 in the 1r spectrum and such absorpt1on 1s 
conspicuously absent. Thus, the structure IVa seems 
more probable than the structure IVb. 
The Synthesis of 3-hydroxy-4-methyl-2(5H)-thiophenone (Compound V) 
V 
It was possible to synthesise this material by three procedures: 
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1) Dinner's procedure (51) slightly mod1f1ed; as a by-product of 
the supposed preparat1on of Compound IV from cephalex1n. 
2) Bundgaard's procedure (50) sl1ghtly mod1f1ed; as a by-product of 
the preparat1on of Compound Ill from cephalex1n. 
3) A novel procedure; start1ng from Compound 11. 
The products of all three procedures appeared to be 1dentical. 
Procedure 1 
D1ssolve 2g cephalex1n 1n 200ml water and maintain at 37"C for 
48 hours. Cool and extract with two 100ml portions of chloro-
form. Wash the bulked extracts w1th two 10ml port1ons of water. 
Dry the extracts over anhydrous sod1um sulphate and evaporate to 
dryness at 50"C under reduced pressure. Subl1me the residue at 
80 - 90"C and 8 - 12 mbar. 
A typ1cal y1eld was 0.05g (7%). 
Procedure 2 
D1ssolve 2g cephalex1n in 90ml 0.5M Phosphate Buffer (pH 7 .4) 
and allow to stand for 45 hours. filter off and keep the prec1-
p1tate (Compound III) and adjust the pH of the f1ltrate to 2 -
3.5 with concentrated hydrochlonc ac1d. Extract w1th three 
50ml port1ons of dichloromethane and wash the bulked extracts 
w1 th two 1 Oml port1ons of water. Dry the extracts over anhy-
drous sodwm sulphate and evaporate to dryness at 50"C under 
reduced pressure. Subl1me the res1due at about 90"C and about B 
mbar. 
A typ1cal yield was 0.07g (9%). 
-- -------------------
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Procedure 3 
D1ssolve 0.5g Compound II 1n 10ml methanol. Add 50ml 0.5M pot-
assiun d1hydrogen phosphate solutlon and ma1ntam at 60" for 15 
hours. Cool and adjust the pH to 7.5 w1th d1lute ammonia solu-
tion. Extract with two 50ml portions of chloroform and wash the 
bulked extracts with two 10ml portions of water. Dry the ex-
tracts over anhydrous sodium sulphate and evaporate to dryness 
under reduced pressure. Sublime the residue at 110 - 120"C and 
11 mbar. 
A typical yield was 5mg (0.7%). 
The resulting materials appeared to be the same compound judging from 
appearances and stblimatlon pomts and they were bulked In order to 
obtain enough sample for charactensatlon. The resulhng sample 
behaved as a single chemical stbstance and therefore It was Inferred 
that the products were Identical. A completely different route for 
the synthesis of Compound V IS given by Green and eo-workers ( 162). 
The substance was characterised as follows. 
Appearance: Small, pale yellow, needle-like crystals. 
~: 133 - 134'C (compare Dinner: 127 - 128"C, and Green et al: 
142"C or 130- 131"C). 
tlc: See Table 8. Before sublimation there were three spots 
with Rfs of 0.55, 0.68 and 0.92. 
uv/vis: xmax (MeOH) = 246nm E = 8800 
(Compared to 246nm and 9800 respectively (Green et al 
162)). 
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1r: The spectrum was cons1stent 
the following ass1gnments: 
3385cm - 1 -C-0-H 
1695cm - 1 5-C=O ! 
1640cm-1 -C=C- ~ 
ms: m/z = 130 [M]+ 
m/z = 102 [Ml+-co 
m/z = 69 [C4H5o]+ 
m/z = 41 [C3H5]+ 
w1th the proposed structure w1th 
Green et al.ass1gn 
these d1fferently. 
~: The spectrum obta1ned was consistent w1th the proposed 
structure w1th the follow1ng ass1gnments. 
OQS c 
a - b 
HO CHa 
Shlft,r 
0. 78 a 
8.01 b 
6.24 c 
------
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Elemental Analys1s (C5H6o2s): The follow1ng analysis was 
obta1ned: 
c (46.2%) 46.3% 
H (4.6%) 4.7% 
5 (24.6%) 24.3% 
Funct1onal Group Tests: See Table 7. 
The Isolation of Compound VI 
Th1s matenal was d1scovered dunng experiments into the prep-
aration of Compound IV (see p.103-106). It 1s formed fran Compound 
Ill in dilute hydrochlor1c acid and may be prepared by the following 
method. 
Dissolve 0.5g Compound Ill in 25ml concentrated hydrochlonc 
ac1d and add 100ml water. Mamtain at 60• for 30 minutes and 
filter off and discard the crude yellow precipitate formed. 
Leave the filtrate in the refrigerator overmght and fllter off 
the crystals formed. Return the filtrate to the refngerator 
and leave standing for one day when a second crop of crystals 
may be formed. Wash each crop of crystals With a llttle cold 
water and dry at 50" under reduced pressure. 
A typical yield was 4.9mg first crop and 1.5mg second crop mak-
ing 6.4mg total (1.3%). Attempts were made to characterise the 
material as follows. 
Appearance: Small, pale yellow, needle-like crystals, second 
crop generally paler than the f1rst crop. 
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!!l±_l 225"C (d). 
uv/v~s: >. max (MeOH) = 2B2nm E : 17,700 
>. max (H20) = 2B6nm E: 20,600 
>. max (0.1NHC1) = 2B4nm E: 21,000 
>.max (0.1NNaOH) = 2B6nm E: 19,000 
-1 
-CH=O or O:C'-C'=O 1r: 1730cm 
1660cm-1 -NHC=O 
ms: El 
m/z = 434 
m/z = 416 
m/z = 390 
m/z = 106 
m/z = 107 
m/z = 150 
m/z = 175 
Cl(CH4) 
m/z = 435 
m/z = 391 
m/z = 347 
[M]+ 
[M]+-H20 
[M]+-co2 
[ Ph-CH:NH2 ]+ 
[Ph-CH2-NH2]+ 
[Ph-CH(-CONH2)NH2]+ 
[Ph-CH(-CHO)NH2]+ 
[MH]+ 
[MH]+-co2 
[MH]+-2(C02) 
An El probe scan from 30-500" at a selection of m/z values 
ind1cated that the matenal was e1 ther impure (3 compounds) 
or ~on~sed as 3 d~ fferent forms. Accurate mass measurement 
(Cl) glVes a compos~tlon for [MH]+ of c22H19N4o6 (435.1317 
found and 435.1305 calculated). 
--------------------------------------------------, 
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nmr: Shift, T , (proton nmr) 
4.38 and 0.86 Ph-CH-NH-CO (?) but not as 
Compounds Ill or !Va 
2.4 - 2.8 C6H5-
0.75 CHO or CH=N (?) 
3.0 (very broad) enollc -OH (?) 
Total 11, 22 or 33 protons. 
Shift, a, (c13nmr) 
57.7 ) 
129.0 ) 
129.5 ) c6H5-CH-CH(CO)NH (?) 
130.0 ) 
143.5 ) 
162.9 ) 
147.6 olefiniC C (?) 
138.5 
172.7 CO-N or COOH 
Total 9, 18 or 27 carbon atoms. 
Elemental Analysis: C 56.41% 
H 4.50% 
N 11.94% 
in 
Implies an empirical formula of c22H21 N408• 
Functional Group Test: See Table 7. 
-------------------------------------
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Comments 
The absence of local ms and nmr 1nstrumentat1on made the 1nvest1-
gat1on of the structure of Compound VI an almost 1mposs1bly slow task. 
Accurate mass measurement us1ng ms showed that the elemental composl-
tlon was c22H16N4o6• Th1s 1s reasonably cons1stent w1th the composl-
tlon 1nd1cated by elemental analys1s 1f the compound were present as a 
d1hydrate, 1.e. c22H22N4o6 (theory) compared to C~H21 N4o6 (found). 
The number of carbon atoms (9 or 16) 1nd1cated by C nmr is not con-
Slstent w1th the number 1nd1cated ms and elemental analys1s and th1s 
cannot be eas1ly explained. 
Nmr and 1r 1nd1cated that the Compound VI had certa1n features 1n 
common w1th Compounds Ill and IVa, i.e. the Ph-CH-(CO)-NH functlon, 
but was s1gn1f1cantly d1fferent, 1.e. not a p1peraz1ned1one. A d1mer1c 
structure was 1nferred from the nmr spectrum. A structure wh1ch w1ll 
sat1sfy much of the analyt1cal data 1s the follow1ng: 
6,6'-(1,2-dloxo-1,2-ethanedlyl)-bls-
(3,4-dlhydro-5-hydroxy-3-phenyl-2-
( 1_!!)-pyraZlnone) 
Compound VI? 
H 
H' 
I 
.Q1N O....c N 
H I H 
N'?C'~ 
w"~o-
H 
........ ----------------------------------------------------------------------------, 
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The env1ronments of the enol and 1,2-dloxo funct1ons would g1ve 
r1se to hydrogen bond1ng and keto-enol tautomer1sm wh1ch would expla1n 
why the uv absorbance did not shift as for Compound IVb and why the 1r 
band for the enol function 1s not found at the same frequency as for 
Compound IVb. The funct1onal group test for enols was slow and tests 
for the 1,2-dioxo funct1on were negat1ve but these would work only for 
gem1nal 1,2-dloxo conformat1ons and, therefore, the functional group 
tests are cons1stent w1th the proposed structure. 
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CHAPTER 4 - PRELIMINARY EXPERIMENTS 
PRELIMINARY ULTRAVIOLET/VISIBLE SPECTROMETRIC EXPERIMENTS 
Preliminary experiments using the HP8450A spectrometer demon-
strated that benzylpemclllln, cephaleXln, cephaloglycin and cepha-
clor all reacted in aqueous solution to give characteristic changes 
in spectra. Figure 12 shows, for example, the spectral changes that 
benzylpenicillin underwent at pH 2.5 and 37". 
VIsual inspection of the spectra indicated that there were three 
major uv absorbing species involved: 
a) benzylpemcillln WIth comparatively low uv absorption ( t = 0). 
b) benzylpemcillenic acid with >. max about 325nm ( t = 5 minutes). 
c) another one or two species (possibly Including benzylpemlllc 
acid) with shoulders at about 230nm and 280nm (t = 35 - 365 
minutes). 
Factor Analysis was applied to the spectral data using the 
absorbances and associated errors at ten wavelengths over the range 
230 - 320nm and using sets of ten spectra with the following results. 
a) 5-95 minutes (10 minute intervals): 
3 species by cumulative sum and standard error tests; 
possibly 4 or 5 species by sigma multiples and x 2 tests; 
other tests vague; 
3 or 4 species by visual inspection. 
Conclusion: 3 major species with possibly another minor 
species. 
b) 95-185 minutes and 
c) 185-275 minutes (10 minute intervals): 
1 species by cumulative sum and standard error tests; 
2 species by sigma multiples and x2 tests; 
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other tests vague; 
1 major species by VIsual Inspection. 
Conclusion: 1 major species. 
d) 5-255 minutes (30 minute Intervals): 
2 species by cumulative sum and standard error tests; 
2 3 species by sigma multiples and X tests; 
other tests vague; 
2 species by visual Inspection. 
Conclusion: 2 major species. 
Close Inspection of the shoulder areas (around 230nm and 280nm) of 
the major uv absorbing species formed after 35 minutes gave some eVI-
dence that two species might be involved whose formation kinetics are 
so close that they behave almost as one spectral species and the 
small spectral differences Involved would account for the different 
results obtained by the cumulative sum and standard error tests on 
one hand and by the sigma multiples and x2 tests on the other. 
Therefore, benzylpenicillin (one species) degraded to three 
other species. This IS consistent with findings reported In litera-
ture (18) and demonstrated the usefulness of Factor Analysis. 
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PRELIMINARY HIGH PERFORMANCE LIQUID CHROMATOGRAPHY EXPERIMENTS 
Hplc of Penicillin Degradation Products 
Benzylpenicillin was separated from some of its degradation pro-
ducts by hplc. The conditions used were typically a mobile phase 
contaimng 25\\1 v/v methanol and 75% Mcllvaine's Buffer pH 5.0 (163) 
-1 TM at 2.0ml min , a 20cm long column packed with 101'm Sphensorb 
ODS and a detector wavelength of 260nm. This line of enquiry was not 
pursued any further because it was apparent that other workers had 
already earned out extensive degradation studies on pemcilllns 
using hplc (23, 25). Hplc, especially with the more efficient 51' m 
packings then being Introduced, was a potentially useful technique 
for following the degradations of other p-lactam antibiotics. 
Hplc of Cephalexin Degradation 
The degradation of cephalexin was momtored by hplc. Typical 
hplc conditions used were a mobile phase containing 0.1M sodium per-
chlorate in 10\\1 v/v aqueous methanol at 2.0ml min-1 , a 20cm column 
containing 10ym MicroBondapak™ ODS and a detector wavelength of 262nm. 
This work showed that cephalexin completely degraded within 15 hours 
to give a number of products with discrete peaks but the hplc system 
In use had limitations. The only means of quantifying the peak data 
was by measurement of peak heights and the peaks were poorly sepa-
rated. It should be noted that since then Yamana and Tsuji (50) have 
published kinetic data for cephalexin degradation using chromato-
graphic conditions and results not dissimilar to those used and found 
In these early experiments. 
It was felt that some Improvements should be made before proceeding 
with full scale experiments: 
-------------------------------------------------, 
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1) The chromatographic separation should be improved, probably by 
using 5~m spherical stationary phases. 
2) The peaks should be Identified by preparing, purifying and 
characterising degradation products reported In the literature. 
3) Some attempt should be made to Identify unknown degradation pro-
ducts. 
4) An electronic integrator should be used to quantify the chrom-
atographic data. 
5) The Perkin-Elmer LC-55 detector with Its stopped-flow scanning 
attachment should be used to obtain spectra of eluted compo-
nents. 
6) The experiments should be set up and data gathered in such a way 
as to make kinetic analysis of the results possible. 
Choice of Packing Material and Mobile Phase 
At the time of the development of the hplc conditions, the ori-
ginal 37 ~m pellicular, non-porous stationary phases had been almost 
ent uely replaced by 10 ~m spherical, porous stationary phases and 
these, In their turn, were being replaced by 5~m phases. 5~m sta-
tionary phases are generally superior to the others In that greater 
column efficiencies are obtained which give shorter run times and 
better separations. The principal disadvantages are greater di ffi-
culty In packing, higher working pressures and a reduction in robust-
ness. 
The first packing matenal to permit efficient chromatography 
was 5,m MicroBondapak™ ODS with a mobile phase containing 0.1M sodium 
perchlorate as descnbed above. A number of peaks due to degradation 
compounds were observed but the reproducibility was too poor to allow 
proper degradation expenments. It was therefore decided to prepare 
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a Standard Degradat1on M1xture and use th1s to survey var1ous column 
packlngs and mob1le phases. 
-1 A solution contam1ng 100f>9 ml cephalex1n 1n 0.5M Phosphate 
Buffer (pH 7 .4) was ma1nta1ned at 60• for 12 hours w1th mtrogen 
sparg1ng. The solution was freeze-dned and the res1due kept 1n a 
des1ccator. Samples of th1s res1due were reconstituted w1th water 
when requ1red dur1ng the hplc development work. 
Several stat10nary phases were exam1ned but the cho1ce appeared 
to lle between Sphensorb ™ ODS, Sphensorb ™ Hexyl and Hypers1l ™ 
ODS pack1ngs. Eventually, 1t was dec1ded to use Spher1sorb™ ODS as 
the column pack1ng. 
The approach to choos1ng the mob1le phase was to some extent 
based on the 1dea that a comb1nahon of methanol or ethanol, tetra-
hydrofuran (THF) and acetomtnle (MeCN) 1n water wlll almost cer-
talnly perm1t the requued separahon as each component w11l have 
d1fferent solub1l1t1es and part1t1on coeff1c1ents. An extens1ve 
ser1es of exper1ments us1ng the three column pack1ngs ment1oned 
above, w1th these orgamc solvents 1n venous concentrations and 
either sodwm perchlorate, ammon1um acetate or potass1um n1trate, 
were carr1ed out. It was apparent that no s1ngle mob1le phase would 
be entuely sat1sfactory for separating each component and a compro-
mlse was made w1th a mob1le phase conta1n1ng 0.25M sod1um perchlorate 
in 5% v/v ethanol be1ng chosen. Th1s mob1le phase, at a flow rate 
-1 of 1.Dml mn w1th 5r-m Sphensorb ODS as stationary phase, would 
separate the ma1n components w1th1n a reasonable run tlme. Other 
m1nor components would undoubtedly not be well resolved but 1t was 
dec1ded that these were of secondary 1mportance and that the prlncl-
pal objective of quantify1ng the ma1n components could be satisfac-
torlly ach1eved. 
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PRELIMINARY EXPERIMENTS TO IDENTIFY THE HIGH PERFORMANCE LIQUID 
CHROMATOGRAPHIC PEAKS 
The fust attempts to characterise the hplc peaks were earned 
out using the Perkin-Elmer LC55 detector With a stopped-flow scanning 
attachment. A sample of Compound 11 was used for reference as It was 
thought that this was a major reachon Intermediate. The results 
were confusing for, while the cephalexin peak gave a l. max of 262nm, 
the peak for Compound II gave a l. max of 28Bnm with a highly absorb-
Ing spectrum although Compound 11 should have only moderate uv absor-
bance below 230nm. The l. max for cephalexin was reasonably close to 
that expected but the l. max for Compound II was completely unexpected. 
In retrospect, It Is quite obvious that the hplc peak and Its asso-
Ciated uv spectrun were due to Compound I II. The problems caused by 
the hplc of Compound 11 were extensive for It could not be reliably 
detected and, certainly, In early single wavelength work It IS prob-
able that Impuntles In the sample were being detected rather than 
the compound Itself. A modification of Bundgaard's method of prep-
araban was later made (see p.101) and subsequently Compound II was 
consistently not detected. 
The Perkln-Elmer LC55 detector was replaced by the more sensi-
tive Perk1n-Elmer LC-65T detector. Additional detection was provided 
by the Hewlett Packard B450A spectrophotometer. The latter spectra-
meter IS descnbed elsewhere (p.65) and It allowed the recording of 
the spectra of components being eluted and detected In the normal 
way. This was achieved by connecting the outlet of the LC-65T detec-
tor to a small volume (B 1'1) flow cell 1n the B450A sample compart-
ment. A measurement and display of the spectra of the eluant was 
made automatically every 2 seconds and when the spectra appeared to 
attain a maximum, the measurements were stopped and the current maxi-
mum spectrum stored on tape. The results of a typical experiment are 
shown In Figures 13. and 14 and Table 9. The chromatography of the 
Standard Degradation Mixture was rather poor but the quallty of the 
spectra obtained was remarkably high. The Identtty of the peaks and 
theu spectra were unknown at the bme but can be deduced to be as 
shown In Table 9. 
Table 9. 
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Peaks and The~r Supposed Identities from the Hplc of the 
Standard Degradat~on M~xture 
Peak Number '- max, nm 
None 
Identity 
Solvent Front 
IV a 
Unknown 
1 ' 
2 
3 
4 
5 
6 
290 
Too small to measure spectrum 
"End'' absorbance below 240nm 
287 
262 
II ? 
Ill 
I (cephalexin) 
The peak number 4 was considered to be due to Compound II as 
chem~cal logic and Its spectrum would suggest It to be. However, the 
most recent experiments have failed to detect th~s matenal. The 
reasons for the uncertainty surrounding the detection of Compound II 
or, ~ndeed, 
not clear. 
an alternative Identity for peak 4 In this experiment are 
There might have been a high concentration of Compound II 
In the batch of Standard Degradation Mater~al. It was not practicable 
to use the very sensitive LC-65T detector In the later experiments 
(Chapters 5-13). The loss of peak 4 in the later experiments can be 
considered ~n some ways advantageous because It was very large, tailed 
cons~derably and made reliable quantitation impossible. 
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HPLC EXPERIMENTS CARRIED OUT WITH SYNTHESISED DEGRADATION PRODUCTS 
Once samples of Compounds lib, Ill, IVa and V had been prepared, 
purifl.ed and charactensed (see Chapter 3), a number of experiments 
were earned out to assess their relative pos1tions 1n the proposed 
reaction scheme using hplc. 
A solut1on conta1ning 1Dmg Compound Ill d1ssolved 1n O.Bml con-
centrated hydrochlor1c ac1d and 2.0ml ethanol, and d1luted w1th 100ml 
0.5M d1sodium hydrogen phosphate (the resulting pH was 7.4), was main-
tained at 60' w1th mtrogen sparging. Hplc was earned out using 
0.2M sod1um perchlorate In 5% v/v aqueous ethanol with a 5~tm Sphen-
sorb ODS column. Detect1on was at 220nm and Integration of the peaks 
was carried out by the Hewlett Packard 3390A 1ntegrator. F1gure 15 
shows that the loss of Compound Ill and the product1on of Compound IV 
apparently follow simple fust order klnetics and that a reaction 
III -rva 
takes place. The problem With this expenmental procedure was that 
Compound III was apparently degrading rapidly on add1bon of concen-
trated hydrochloric ac1d. However, the solubility of Compound Ill 1n 
aqueous media IS so poor and In alcohols barely sufficient that the 
execution of degradation expenments starting from Compound Ill was 
quite difficult. Such experiments were later carried out us1ng solu-
tlons of Compound Ill In warm ethanol near the limits of solub1l1ty. 
A simpler exerc1se 1nvolv1ng 10pg ml-1 Compound Il dissolved 1n 
0.5M Phosphate Buffer (pH 7.4) v1a ethanol solution w1th hplc cond1-
t1ons s1m1lar to those 1n the preced1ng paragraph was carr1ed out. It 
was clear that much of Compound II had degraded after 8 hours to Com-
pounds Ill and IV and some m1nor components. 
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At this time some work was earned out usinq a P.A.R. Model 174A 
polarographic analyser fitted with a glassy carbon electrode and a 
calomel reference electrode (see p. 75). It was possible to detect 
three peaks by this means of detection at +0.75V as well as uv detec-
tion. One electrochem1cally detected peak was not detected by uv. 
There appeared to be potential for carrying out a senes of experi-
ments with both uv and electrochem1cal detection and the results of 
the electrochem1cally detected hplc m1ght be freer of Interferences 
and possibly more Informative. 
pursuit of this line of enquiry. 
However, hme did not permit the 
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PRELIMINARY DEGRADATION STUDIES USING AUTOMATED HIGH PERFORMANCE 
LIQUID CHROMATOGRAPHY 
The exper1ments descr1bed below were carried out us1ng the 
instrument control facill hes offered by the Hewlett Packard 85A 
microcomputer and the orgamsahon and operat1on of th1s 1s des-
cubed elsewhere (see p. 76). The sampllng 1nterval was always 0.5 
hours. The hplc equipment was the Perk1n-Elmer 601 pump w1th a 
Perkin-Elmer LC-65T detector. Integrat1on was performed by a Hewlett 
Packard 3390A integrator. 
Four expenments were earned out on the degradation of cepha-
-1 lexJ.n. Soluhons of 100fg ml cephalex1n J.n 0.5M Phosphate Buffer 
(pH 7.4) were prepared and malntaJ.ned at 37', 50', 60' and 70' wJ.th 
mtrogen spargJ.ng for momtonng by hplc. The cond1hons were as 
descnbed on p. 77 wJ.th detechon at 260nm. The separahon of the 
degradation products was not very good and the resultlng 1ntegrated 
data were consequently not used for kl.nehcs calculatlons. However, 
the overall patterns of the degradatJ.ons could read1ly be seen 
(FJ.gures 16 - 19). Cephalex1n degraded accordwg to fust order 
k1nehcs to produce Compounds Ill and IV WJ.th some other components 
at rates which J.ncreased WJ.th J.ncreas1ng temperature. FJ.gure 17 shows 
that Compound Ill l.S the second product of a three step react1on. 
Compound II was not detected. 
Another sim1lar exper1ment at 37' was carr1ed out w1th the out-
let of one detector at 260nm connected to the J.nlet of another detec-
tor at 220nm. The chromatograph1c separatJ.on was much better than J.n 
the prev1ous exper1ments for the 260nm detector but the peak broaden-
lng was excessJ.Ve for the 220nm detector. The klnetJ.cs aga1n seemed 
to follow fJ.rst order but the exper1ment was not monJ.tored for a suf-
fl.clent length of tJ.me to allow completlon of the most l.mportant 
reactJ.ons: the total loss of cephalexJ.n, sJ.gnJ.flcant loss of Compound 
Ill and s1gnJ.f1cant productJ.on of Compound IVa. 
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Another experiment was carried out at 60' (so that reaction 
could be significantly completed In an acceptable time) With electro-
chemical detection as described on p.75 and differential pulse polar-
ography (dpp) earned out on the same reaction m1xture. Some ah-
quots of the eluate were also collected to try to Isolate several 
compounds and to carry out dpp on them In an attempt to estabhsh a 
correlation between dpp peaks and hplc peaks. The hplc and dpp 
results were consistent with those obtained In other experiments. 
However, the Isolation of Individual compounds for dpp was not suc-
cessful because the concentration of compounds were too small and It 
was not possible to separate entirely the Individual compounds. Time 
did not permit further experimentation. 
The last of these prehminary cephalexin degradation expenments 
was Simpler than the preceding ones and the hplc separation was 
exceptionally good (see Figure 20 for a typical chromatogran). De-
gradation of cephaleXln, 80 I' g ml-1 in 0.5M Phosphate Buffer (pH 7 .4) 
at 6D', was earned out as above With nitrogen sparging. Hplc was 
earned out using a 51'm Sphensorb ODS colunn (10cm long) with a 
mobile phase of 0.25M sodiun perchlorate In 5% v/v ethanol (1.0ml 
min-1) with a detechon wavelength of 220nm. A uv spectrophoto-
metric expenment using the Hewlett Packard 8450A spectrophotometer 
with a flow cell was earned out concurrently usmg the sane sanple 
strean. The results of the uv expenment are discussed elsewhere. 
Eight sigm flcant peaks were detected by the Integrator and the 
resulting data are sunmarised In Table 10 with commentary. 
Figure 21 shows plots of the peak area data With respect to 
hme. From this, it may be deduced that not only does the reaction 
scheme 
I ~[lib] ~Ill - !Va 
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take place but that other species are also 1nvolved. It was not 
poss1ble to idenhfy the associated components or carry out rigorous 
k1nehc data reduction of the peak areas. However, 1t can be seen 
that the components associated w1th peaks 4, 6 and 7 act as lnter-
mediates and the components associated Wl th peaks 1 and 3 act as 
secondary products. 
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Table 10. Peaks detected during the Degradation of Cephalexin 
Peak 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
Retention 
Time 
(m~n) 
1.5 
2.1 
2.8 
3.5 
4.4 
4.8 
6.6 
7.0 
Amax 
(8450A) 
227nm 
290nm 
244nm 
(shoulder) 
287nm 
256nm 
Comments 
large, uv absorbing product 
mixed up with solvent front 
large, IV 
Medium, unknown 
Very small 
large, Ill 
Small, unknown 
Small, unknown 
large, cephalexin 
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POLAROGRAPHIC EXPERIMENTS 
A number of experiments were carried out using a Princeton 
-1 Applied Research Polarograph Model 174A. Typically, 100~g ml 
cephalexin in 0.5M Phosphate Buffer (pH 7 .4) was maintained at 60' 
With or without mtrogen sparging. Allquots were removed periodi-
cally in order to carry out differential pulse polarography. This 
was carried out against an Ag/AgCl reference cell With a scan rate of 
-5mVs-1, a sensitivity of 1~A full scale, a modulation amplltude of 
50mV, a drop rate of 1s-1 and an initial potential of 0 V. No peaks 
were observed Initially but three or four major peaks appeared after 
several hours at about the following potentials (figure 22): 
-0.2BV (Unknown) 
-0.57V (H2S) 
-0. 73V (Unknown) 
-0.94V (Compound lib) 
-1.06 (Unknown) 
-1.27 (Unknown) 
-1.40 (Unknown) 
These expenments were most promising as a means of Investigat-
Ing the degradation of cephalexin. However, It was decided to allow 
colleagues at Loughborough University of Technology to concentrate on 
this line of experimentation. One of the principal reasons for not 
using polarography In thiS work was the Inability to sample and anal-
yse the reaction mixture automatically. 
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CHAPTER 5 - INVESTIGATIONS INTO THE REACTION OF 
6-(HYDROXYMETHYLENE)-3-PHENYL-2,5-PIPERAZINEDIONE 
(Compound IVa) 
INTRODUCTION 
H 
NY'oH 
N)-0 
H 
Compound IVa 
Noth1ng had been recorded 1n the llterature about the reactions 
of 6-hydroxymethylene)-3-phenyl-2,5-plperazlnedlone (Compound IVa) and 
therefore exper1ments would be carr1ed out w1thout any presuppos1t1on 
tion about the results. The hplc expenments should ind1cate, in 
theory, the number of species formed Wlth some assoc1ated k1net1c data. 
The react1on should be a good test of the ab1l1ty of uv/v1s spectro-
metry to furn1sh useful data about an unknown system through multi-
component analys1s and Factor Analys1s. Compound VI would be lnvestl-
gated as a poss1ble decompos1t1on product. 
SPECTROMETRIC MEASUREMENTS 
A solution of about 5mg Compound !Va in 20ml methanol was pre-
pared. A 2ml allquot of th1s solution was d1luted Wl th sufflc1ent 
0.5M Phosphate Buffer Solut1on (pH 7.4) to produce a f1nal concentra-
tion of 2.5 1'9 mC1 The reaction was followed us1ng the HPB450A 
spectrometer as descr1bed on p.6B. 
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Inspection of the zero order spectra of Compound IVa, Compound VI 
and a selection of reaction spectra (Fig. 23) d1d not lead to any f1rm 
conclus1on about the Involvement of Compound VI 1n the react1on. How-
ever, Inspect1on of the first der1vat1ve spectra (F1g. 24) 1nd1cated 
qu1te clearly that Compound VI was not 1nvolved as the m1n1mum moved 
from about 308nm to about 312nm dur1ng the react1on whereas the m1n1-
mum for the unknown Is about 298nm. It was clear that Compound IVa 
degraded but the nature and rates of product1on of the products were 
unknown. 
It was postulated that there was a s1ngle product: 
IV a 
k4 
* 
--.-IV 
and the spectrum at 15.5 hours was man1pulated by subtract1ng spectral 
data for Compound IVa and treatl.ng 
* arose from the single spec1es IV • 
the resulhng spectrum as 1f It 
The resul tlng spectrum and the 
spectrum of Compound IVa were then used as standards In the mult1-
component analys1s of the react1on spectra. The plots of the concen-
* trat1ons of Compounds IVa and IV thus der1ved are shown 1n F1g. 25. 
It can be seen that the plots do not follow f1rst order k1net1cs, par-
ticularly 1n the f1rst part of the react1on. The lack of f1t at the 
beg1nn1ng of the react1on suggests that at least one more product of 
the degradation was contr1but1ng to the spectra. Th1s behav1our could 
be accounted for by postulating two products, 1.e. 
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k " 4 
In the fust scheme, 1 f the reactlons were simple fust order, then 
* the spectrum derived above for IV would tend to the spectrum of 
the product wh1ch was produced at the fastest rate. By mampulahng 
the earher react1on spectra 1t ought to be poss1ble, by success1ve 
approx1mat1ons, to arnve at spectra reasonably representative of the 
* * true spectra of IV1 and IV2 • In the second scheme, the spectrum 
* * of IV denved above should tend to IV2 • Aga1n, it ought to be 
poss1ble, by success1ve approx1mat1ons, to obtain a representat1on of 
* the spectrum of IV 1 • The resul tlng approximations to the spectra 
* * of IV1 and IV2 could be used as standards for mult1-component analy-
SlS of the reaction spectra, from wh1ch 1t could be mferred wh1ch 
react1on scheme was correct by k1net1c analys1s. It was not poss1ble 
to carry out th1s data process1ng because of 
wh1ch made the spectral data nretnevable. 
repet1t1on of the exper1ment. 
a magnet1c tape fa1lure 
Tlme d1d not allow a 
Factor Analys1s was appl1ed to the spectral data us1ng the 
absorbances and associated errors over the range 230 - 320nm for ten 
spectra between 1.0 and 14.5 hours w1th the follow1ng results: 
2 spec1es by the standard error test; 
3 species by all the other tests. 
Conclus10n: 3 spec1es present, 1 spec1es contnbutlng less than 
the others. 
If the data had been retr1evable, Factor Analys1s would have been 
appl1ed to spectra w1th smaller time intervals. 
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HPLC MEASUREMENTS 
A solution of 10mg Compound IVa In 50ml ethanol was prepared. A 
20ml portion of this solution was added to 250ml 0.5M Phosphate 
Buffer Solution (pH 7 .4) and the reaction was followed using hplc 
as described on p.77. 
Six peaks were observed and Integrated (Table 11 and Figures 26 
and 27). The HP1 040A spectra obtained for peaks 2 and 3 after 11h 
were very noisy and a precise Amax could not be determined. 
Table 11. Hplc Peaks observed during the Degradation of Compound !Va 
RETENTION TIME (m in) IDENTITY A MAX AND OTHER COMMENTS 
Peak 1 1.1 Solvent front 
Peak 2 2.1 IV a 2B9nm (t0 ), 301nm ( t11h) 
Peak 3 2.7 VII a 2B3nm 
Peak 4 3.5 VIlla Too small 
Peak 5 4.9 V lib Too small 
Peak 6 5.7 VIle Too small 
"LETAGROP" was apphed to the resulting concentration values for 
Compound IVa and the following first order kinetic data were computed: 
k4 
[IV a] 
0 
[IVa]"' 
= 0.15 h-1 
-1 
= 15.2 /'"g ml 
-1 
= -0.2 /'"g ml 
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Figure 26. Chromatogram of Compound IVa Degradation Mixture 
Figure 27. Plots of Data from Hplc Monitoring of the Reaction of Compound IVa (not to scale) 
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lnspectlon of the data for the unknown peaks ind1cated the fol-
lowlng react1on scheme: 
VII a VIlla 
IV a V lib 
VIle 
and the assoc1ated peak 1denbhes are shown 1n Table 11. The peak 
area data for Compounds Vlla and VIlla were too poor to apply "LETA-
GROP" but estimates of the concentrabons of Vllb and VIle were made 
assum1ng the sane relabve responses as for IVa. The k1nebc data 
computed by "LETAGROP" were: 
V lib VIle 
k4b = 0.14 h-1 
[Vllb]
0 
= 0.2 ~g ml-1 
[Vllb]~ = 1.2 ~g ml-1 
-1 k4c = 0.12 h 
[VIle] = 0.1 ~g ml-1 
0 1 [VIle].,.= 1.5 ~g mC 
It was not poss1ble to 1denbfy these unknown compounds. Com-
pound VI was not detected when 1t was 1njected. 
SUMMARY 
The spectrometr1c data and the hplc data were cons1stent. Com-
pounds Vllb and VIle were produced at s1m1lar rates and would be 
equ1valent to one spectral spec1es. Compound Vlla behaved qUlte 
d1fferently and Compound VIlla d1d not contr1bute s1gn1f1cantly. The 
react1on scheme would be observed spectrally as: 
IV a 
(Spectral 
Spec1es A) 
k4 
VII a 
(Spectral 
Spec1es B) 
+ Vllb + VIle 
(Spectral 
Spec1es C) 
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CHAPTER 6 - INVESTIGATIONS INTO THE REACTION OF 
6-(AMINOMETHYLENE)-3-PHENYL-2,5-PIPERAZINEDIONE (COMPOUND Ill) 
INTRODUCTION 
It was expected that 6-(aminomethylene)-3-phenyl-2, 5-piperazlne-
dlone (Compound Ill) would undergo the follow1ng react1on: 
H 
N'f"NH2 k
3 
N.J.o ---
H 
Compound lll 
H 
N'f"oH 
N.J.o 
H 
Compound IVa 
The concentrations of Compounds Ill and IVa would be determined 
us1ng both uv/v1s spectrometry and hplc. The rate constant, k3, would 
be est1mated assum1ng f1rst order kinet1cs and using the LETAGROP pro-
gram. The Factor Analys1s program would be used to determine spec1a-
t1on from the spectrometr1c data. 
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SPECTROMETRIC MEASUREMENTS 
A solutlon of 6-(aminomethylene)-3-phenyl-2,5-plperannedlone 
(Compound Ill) was prepared by warm1ng about 5mg of the sample w1th 
90ml ethanol, coollng and d1lutmg to 1 OOml. A 1 Oml allquot of the 
resulting solutlon was d1luted Wlth sufflc1ent 0.5M Phosphate Buffer 
Solutlon (pH 7 .4) to produce a flnal concentration of 2.5 l'g mC1 
This solut1on was treated us1ng the exper1mental cond1tions descr1bed 
on p.68. Th1s exper1ment was performed in tr1plicate. 
The spectra of Compounds Ill and IVa were observed to be fa1rly 
s1m1lar (Flgure 28) and therefore the cho1ce of wavelength range and 
order of denvative was made carefully. Both the fnst order and 
second order derivatlve spectra showed greater d1sslmllar1ty between 
Compounds Ill and IVa (Table 12) than the zero order but the second 
order spectra were much no1s1er (Flgures 29 and 30). 
The f1rst order der1vat1ve spectra were chosen 1n the reg1on of 
max1mum spectral d1fference w1th least no1se, 1.e. 300 - 320nm. One 
further advantage of us1ng the f1rst order der1vative spectra 1s that 
errors assoc1ated w1th basellne shifts, wh1ch could senously affect 
the results 1 f zero order absorbance spectra are used, are reduced. 
The spectra of the standard solut1ons of Compounds Ill and !Va 
were used as standards 1n the mult1-component analys1s of the spectra 
obta1ned from the experiments (Figure 31). The resultant concentra-
tlons of Compounds Ill and IVa 1n the react1on solut1ons appeared to 
follow f1rst order kinet1cs. A number of different methods of calcula-
ting the associated rate constants were tr1ed. 
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Table 12. Wavelengths of max1ma and m1n1ma for Compounds Ill and 
IVa, nm 
Order 0 1st 1st 2nd 2nd 
Ill 287 272 (max) 305 (mln) About 290 ( mln) 315 (max) 
IV a 290 272 (max) 310 (mln) About 290 (mln) 319 (max) 
Graph1cal Est1mat1on of the Rate Constant from the Concentrat1on Data 
for Ill 
Plots of ln (c
0
/ct) versus t were constructed for the three 
expenments. The slope of each llne was measured wh1ch, because 
ln(c/ct) = -kt 
1 f the reaction 1s 
the rate constant, 
from 
f1rst order, equals -k. 
k3 , are shown 1n Table 
the ideal stra1ght llne s1gn1flcantly 
kinetic model was wrong. 
The resul tlng values of 
13. The plots deVlated 
whlCh 1nd1cated that the 
Est1mation of the Rate Constant from the Concentrat1on Data for Ill 
us1nq LETAGROP 
The LETAGROP program was applied to the concentratlon date for 
Ill (Flgure 32). The values obta1ned for the rate constant, k3, are 
g1ven in Table 13. 
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Graphical Estimation of the Rate Constant from the Concentration Data 
for IV 
Plots of c versus t were constructed for the three expenments 
and the curves extrapolated to obtain t,. figures. The plots of 
ln[ct/(c,. -et)] versus t were constructed. The slopes of the result-
Ing lines were measured which, because 
ln[ct/(c,.-ct)] = -kt 
If the reaction IS first order, equal -k. The resulting values of the 
rate constant, k3, are given In Table 13. As In the previously des-
cnbed graphical estimations of the rate constant, the data points 
deviated sigmflcantly from the Ideal straight llne for part of the 
experIments. 
Graphical Estimation of the Rate Constant from the Concentration Data 
for IVa using Guggenheim's Method 
As described elsewhere (p.73), 
kt + ln(ct-ct+~t) = a constant. 
Therefore, for one experiment, ln(ct-ct+~t) was plotted against t with 
b.t = 5 hours and the slope of the resulting llne (-k3) was measured 
(Table 13). As above, several data points did not l1e on the straight 
line. 
Estimation of the Rate Constant from the Concentration Data for IVa 
using LET AGROP 
The LETAGROP program was applled to the concentration data for 
Compound IVa (Figure 32). The values obtained for the rate constant, 
k3 , are given in Table 13. 
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D1scuss1on of the K1net1c Data obta1ned for the Exper1ments 
-1 The actual 1n1hal concentrahons prepared were 2. 5J£g ml Com-
pound Ill and 0J£g ml-1 Compound !Va but the mult1-component analys1s 
of the data produced large values for Compound Ill (2.8- 3.1J£g ml-1) 
and negahve or small values for Compound !Va (-0.3 - 0.04J£g ml-1). 
Other wavelength ranges d1d not produce results 1n better agreement. 
The relat1ve standard dev1at1ons reported by the multi-component anal-
ysls rouhne for eshmates of the concentrahons of Compound !Va at 
the start of the reachon were larger than the concentrabon values 
reported. Therefore, the concentrabon data con tamed large errors 
and th1s 1nd1cated an incorrect exper1mental model. 
The concentrabons at t=m seemed to agree reasonably well (see 
Table 13). The mass balance, 1.e. the sum of the concentrat1ons of 
Compounds Ill and !Va calculated w1th respect to Compound Ill, was 87% 
(with respect to the concentrat1on of Compound Ill actually prepared) 
or 72% (w1th respect to the concentrat1on of Compound Ill measured at 
t=O). It was shown 1n another exper1ment (Chapter 5) that Compound !Va 
degrades at a s1gn1ficant rate and this would probably account for the 
low mass balance. 
The agreement amongst the values est1mated for the k1net1c para-
meters was poor (Table 13). Th1s 1s a further 1nd1catlon that the 
k1net1c model was wrong. 
Factor Analys1s was appl1ed to spectrometr1c data from one 
exper1ment (Expenment 1). Absorbance data w1th theu assoc1ated 
error data were entered for the wavelengths between 230nm and 320nm at 
10nm 1ntervals for ten measurements. The results were as follows. 
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a) 0-4.5h (0.5h lntervals): 
3 spec1es by cumulat1ve sum, standard error, s1gma mult1ples and 
x2 tests; 
other tests vague. 
b) 4.5-9.0h (0.5h lntervals): 
3 spec1es by cumulat1ve sum, standard error, s1gma mult1ples and 
x2 tests; 
other tests vague. 
c) 9.0-13.5h (0.5h intervals): 
2 2 spec1es by standard error and X tests; 
3 spec1es (1 small) by cumulat1ve sum and s1gma mult1ples tests; 
4 spec1es by res1duals and Factor Indicator tests. 
d) 0-13.5h (1.5h lntervals): 
2 spec1es by standard error test; 
2 4 spec1es by cumulat1ve sum, s1gma mult1ples and X tests; 
other tests vague. 
The results of the Factor Analys1s 1nd1cated that there are two 
major contnbuhng spec1es (standard error test on sample d) w1th a 
further two spec1es also contr1but1ng. Th1s was 1n general agreement 
w1th the f1nd1ngs of the hplc exper1ments (p.164) and the exper1ments 
on the react1on of Compound IVa. That 1s, the react1on of Compound 
Ill proceeds as follows: 
Ill 
(Spectral 
Spec1es A) 
IV a 
(Spectral 
Spec1es B) 
VIa + Vlb + VIe 
(Spectral (Spectral 
Spec1es C) Spec1es D) 
The mult1-component analys1s procedure descr1bed above was there-
fore unsu1table because standard spectra for Spectral Spec1es C and 
Spectral Spec1es D were unava1lable. These w11l contnbute to the 
mass balance and may expla1n the negat1ve concentrat1ons for Compound 
IVa at the start of the react1on. It was not possible to est1mate k4 
us1ng the concentration data obtained spectrometr1cally. 
- ---------
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Table 13. Parameters est1mated for the React1on Ill IV a 
EXPT 1 EXPT 2 EXPT 3 
[Ill] input pg/mC1 2.5 2.5 2.5 
0 1 [Ill] measured pg/ml- 3.09 2.99 2.81 
0 1 [111]
0 
est1mated (LETAGROP) pg/ml- 3.0 3.0 2.99 
[III].,estimated (LETAGROP) pg/mC1 0.27 0.22 0.37 
[IVa] 1nput pq/ml-1 0 0 0 
0 1 [IVa]
0 
measured pg/ml- -0.34 -0.24 -0.035 
[IVa] estimated (LETAGROP) pg/ml-1 0.03 0.07 0.11 
0 1 [IV a],. from [IV a] (Graph) pg/mC 1.92 1 .89 1.81 
[IVa~est1mated (LETAGROP) pg/ml-1 1. 93 1.85 1.96 
k3 from [Ill] (Graph) h-
1 0.128 0.157 0.135 
k3 from [Ill] (LETAGROP) h-
1 0.171 0.188 0.195 
k3 from [IVa] (51mple Graph) h-
1 0.218 0.194 0.243 
k3 from [IV a] (Guggenhelm) h-
1 0.212 
k3 from [IV a] (LETAGROP) h -
1 0.206 0.213 0.172 
Equ1valent mass at t = oo 
wrt [Ill] 1nput% 89 83 89 
Equivalent mass at t = ~ 
wrt [Ill] measured% 72 67 72 
----------------------------------------------------
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HPLC MEASUREMENTS 
A solution of Compound I Il was prepared by warming 1 Omg of the 
sample with 45ml methanol, cooling and diluting to 50ml with methanol. 
A 20ml portion of the resulting solution was added to 250ml 0.5M Phos-
phate Buffer Solution (pH 7.4) and this solution was used for the 
experiment using the conditions described on p.77. A solution of Com-
pound IVa was similarly prepared for use as a standard. The expen-
ment was carried out In triplicate. 
Six hplc peaks were observed and Integrated and they are shown In 
Table 14 and figure 33. 
Table 14. Hplc Peaks observed In the Degradation of Compound Ill 
Peak no. 
1 
2 
3 
4 
5 
6 
Retention time (min) 
Expt 1 
1.1 
2.0 
2.6 
4.1 
5.2 
Expt 2 
1. 2 
2.0-2.1 
2.6 
4.2-4.3 
5.3 
Expt 3 
1.1 
1.6 
2.1-2.5 
2.9 
4.8-5.6 
6.1-6.2 
Identity and comment 
Solvent front 
? Disappears after 
4.8 hours 
IV a 
VII a. Poor area data. 
Appears after 8 hours. 
Ill 
VIle. Poor area data. 
Appears after 8 hours • 
• 
Figure 33. 
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The concentrat1on data for Compounds Ill and IVa were used to 
calculate k1nebc data usmg LETAGROP and the results are shown 1n 
Table 15. 
Table 15. K1net1c Data calculated from the Hplc Data for the 
Degradat1on of Compound Ill - k4 not f1xed 
EXPT 1 EXPT 2 EXPT 3 
k3 (ex [Ill]) h-
1 0.14 0.13 0.15 
k3 (ex [!Va]) h-
1 0.05 0.12 0.12 
k4 (ex [IVa]) h-
1 0.34 0.18 0.19 
[Ill] (ex [Ill]) )"g/ml-1 15.0 14.6 16.3 
0 1 
1.3 1.4 1.2 [Ill] (ex [Ill]) )"g/ml-
0 1 
34.6 14.3 14.5 [III]
0 
(ex [IVa]) rg/mC 
The results produced by the LETAGROP program were vanable and 
several d1fferent sets of parameter data gave equally good f1ts. The 
LETAGROP program was mod1 f1ed to accept a 
and calculate k3 and [Ill] • The value 
-1 0 h from the results g1ven m Chapter 5. 
are shown 1n Table 16. 
smgle f1xed value for k4 
for k4 was taken as 0.15 
The k1net1c data obta1ned 
Table 16. K1net1c Data calculated from the Hplc Data for the 
Degradat1on of Compound Ill - k4 f1xed 
EXPT 1 EXPT 2 EXPT 3 
k3 (ex [Ill]) h-
1 0.14 0.13 0.15 
k3 (ex [!Va]) h-
1 0.15 0.13 0.13 
-1 0.15 0.15 0.15 k4 f1xed h 
[III]
0 
(ex [Ill]) fg/ml-1 15.0 14.6 16.3 
[Ill] (ex [Ill]) rg/ml-1 1.3 1.4 1.2 
0 1 7.8 12.0 [III]
0 
(ex [!Va]) fg/ml- 12.0 
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The HP1 040A detector was used to obtain spectral data for the 
eluted peaks after 19.5h. The results are summarised In Table 17 but 
the spectra were too poor to confirm the Identity of Compound !Va. It 
was not possible to get satisfactory spectral data for peaks 4 and 6 
but theu retention times and responses to detection at different 
wavelengths compared well with those found for the un1dentifled com-
pounds, Vlla and VIle, found In the experiments on the degradation of 
Compound !Va (Chapter 5). The other unknown compound, Vllb, found In 
the Compound !Va degradat1on experiments was not detected because Com-
pound Ill would be supenmposed. The peak area data for these com-
pounds were too poor to apply LETAGROP but the general pattern of the 
data for Compound VIle showed it to be a product of Compound !Va (see 
Figure 35). 
Table 17. Summary of Spectral Data obtained from the Hplc Peaks 
during Degradation of Compound Ill 
Peak No. ).. max, nm Identity and comment 
5 (t:O) 285 Ill 
5 (t=19.5h) 289 III (very noisy) 
3 (standard) 289 IV a 
3 (t=19.5h) 251 IV a (very noisy) 
Unknown ( t=19 .5h) 295 Not Integrated 
The HP1 040A detector Indicated a peak which eluted just after 
peak number 3 whereas the HP3390A plot showed It as a shoulder only. 
Discussion on the Hplc Measurements of the Degradation of Compound Ill 
The relative retention times of the peaks of Interest seemed to 
agree reasonably well from run to run. The variations observed, part-
Icularly In Experiment No. 3, can be ascnbed to the nature of the 
hplc process. Sometimes, particularly with new columns, eqUlllbnum 
with the mobile phase might not be established although it may appear 
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t. 
soLthe user. After a while the retention times Will shift as the 
column matures during the run. With older columns the efficiency will 
eventually become so low that there IS very poor separation. These 
are two of the problems with hplc highlighted In this experiment and 
they are further discussed later. 
These variations apart, the overall Impressions of the reaction 
given by the three experiments are similar. There are four main peaks 
corresponding to Compounds Ill, IVa, Vlla and VIle; Compound Vllb, If 
formed, would have been hidden by the peak for Compound Ill and the 
small extra peak observed In Expenment No. 3 was unaccounted for. 
The integrated area data were consistent With the following reaction 
scheme which was born out by the observations of the reaction of Com-
pound IV. 
SUMMARY 
k3 
Ill- IVa Vlla + VIle 
The multi-component analysis carried out using the HP 8450A spec-
trophotometer was based on the assumption that the reaction was simply: 
k3 
lll - IVa 
The hplc data indicated that the reaction follows the scheme 
deduced from the experiments Involving Compound !Va namely: 
k3 k4 
Ill - IVa - Vlla + Vllb + Vllc 
It was not possible under the experimental conditions used to gain 
sufficient spectral data for Compounds Vlla, Vllb and VIle to Input 
Into the HP 8450A multi-component analysis routine. It should theore-
tically be possible to Inject larger volumes of the reaction mixture 
under sUitably opbm1sed hplc conditions to get adequate spectra of 
~-· these compounds but time did J..Permit the necessary experimentation. 
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CHAPTER 7 - INVESTIGATIONS INTO THE REACTIONS Of 
2-(3,6-DIOX0-5-PHENYL-2-PIPERAZINYL)-5,6-DIHYDR0-5-
METHYL-2H-1,J-THIAZINE-4-CARBOXYLIC ACID (COMPOUND lib) 
INTRODUCTION 
It was believed that 2-(3,6-dioxo-5-phenyl-2-piperazinyl)-5,6-
dihydro-5-methyl-2.!!-1 ,J-thiazine-4-carboxylic acid (Compound lib) 
would undergo the follow1ng react1on: 
Compound lib 
H 
N"'f"OH 
NJ.o 
H 
Compound IVa 
H 
N"'f"NH2 
NJ.o 
H 
Compound Ill 
It would not be poss1ble to determine concentrat1ons of Compound 
lib 1n solut1on by uv/v1s spectrometry or hplc because of its poor uv 
absorption. However, 1t would be possible to determ1ne Compounds Ill 
and IVa by both techmques and infer k1netlc data for Compound lib. 
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SPECTROMETRIC MEASUREMENTS 
A solut~on of 2-(3,6-d~oxo-5-phenyl-2-p~perazinyl)-5,6-d~hydro-5-
methyl-2H-1, 3-th~anne-4-carboxyllc ac~d (Compound lib) was prepared 
by d~ssolv~ng about 20mg ~n 20ml methanol. A 2ml al~quot was d~luted 
w~th suff~c~ent 0.5M Phosphate Buffer Solut~on (pH 7.4) to produce a 
I -1 concentrat~on of 10 l'g ml and the degradation expenment was car-
r~ed out on the result~ng solut~on us~ng the cond~t~ons descr~bed on 
p.68 w~th as small a delay as posstble. Th~s expenment was earned 
out three t1mes. Typical zero order and f~rst der~vat~ve spectra are 
shown ~n F~gures 36 and 37. 
Concentrat10ns for Compounds III and IVa were calculated us1ng 
fust denvatlve spectra over the range 300 - 320nm for the reasons 
q~ven on p.149. The results obta~ned for the concentrat1on data for 
II I and IV a were processed using the LET AGROP program and the rate 
constants obtatned are shown ~n Table 18. r~gure 38 shows typ~cal 
plots of the concentrat~on data. 
Table 18. Rate Constants obtatned for the React~on of Compound 
lib ustng Spectrometr~c Measurements - k3 not fixed 
Expt 1 Expt 2 Expt 3 
k2 (ex [Ill]) h-
1 0.37 0.34 0.33 
k2 (ex [IVa]) h-
1 0.25 0.19 0.16 
k3 (ex [Ill]) h-
1 0.07 0.07 0.08 
k3 (ex [IVa]) h-
1 0.31 0.44 0.22 
[lib] (ex [Ill]) l'g/ml-1 3.25 3.19 3.33 
0 1 
2.57 [llb]
0 
(ex [IVa]) l'g/ml- 2.53 3.55 
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The LETAGROP program produced very var1able results for the 
hnehc data and it was consequently d1fflcult to use. A value for 
-1 k3, 0.14h , was deduced from the exper1ments on the react1ons of Com-
ound I li and the LET AGROP program was mod1 fled to accept th1s as a 
flxed value to calculate only [ llb]
0 
and k2• The results obta1ned 
are shown 1n Table 19. 
Table 19. Rate Constants obta1ned for the React1on of Compound 
lib us1ng Spectrometrlc Measurements - k3 f1xed 
Expt 1 Expt 2 Expt 3 
k2 (ex [Ill]) h-
1 0.25 0.20 0.20 
k2 (ex [IVa]) h-
1 0.58 0.42 0.28 
k3 (fixed) h -
1 0.14 0.14 0.14 
[lib] (ex [Ill]) ~g/ml- 1 5.2 4.6 4.6 
0 1 
3.5 [Ilb] 0 (ex [IVa]) ~g/ml- 2.9 2.8 
The poor agreement of the values denved must be due to a poor 
exper1mental model. Factor Analysis was appl1ed to spectral data from 
one exper1ment to obta1n further 1nformat1on about the react1on. Ten 
wavelengths over the range 230 - 320nm at 10nm 1ntervals for sets of 
ten spectra were used and the follow1ng results were obta1ned. 
a) 0.5- 5.0h (0.5h 1ntervals): 
2 1 spec1es by standard error, s1gma mult1ples and X tests; 
other tests vague. 
b) 5.0- 9.5h (0.5h lntervals): 
3 spec1es by standard error test; 
other tests vague. 
-------------------------------------------
---------------------------------------------------------------
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c) 9.5- 14h (0.5h Intervals): 
4 species by standard error, cumulative error, sigma multiples and 
x2 tests; 
other tests vague. 
d) 0.5- 14h (1.5h intervals): 
3 species by standard error test; 
8 species by sigma multiples and x2 tests; 
other tests vague. 
Conclusion: 3 major species and 1 minor species present. 
When Factor Analysis was used in other sets of experiments (Chap-
ters 4, 5, 6 and 8), the results were much clearer than In this 
expenment. The maximum absorbance value obtained In this expenment 
(0.31) was much lower than the absorbances obtained In other experi-
ments and the associated errors were comparatively larger also. Both 
Factor Analysis and Multi-component AnalysiS were therefore of limited 
use In this set of experiments. Time did not permit the use of a more 
concentrated solution of Compound lib. 
HPLC MEASUREMENTS 
A solution of Compound lib was prepared by dissolving about 10mg 
In 50ml ethanol. A 20ml portion of this solution was added to 200ml 
0.5M Phosphate Buffer Solution (pH 7.4) and the resulting solution was 
used for the experiment using the conditions described on p.77 With a 
minimum of delay. This experiment was carried out twice with a detec-
tor wavelength of 270nm (40nm bandwidth). 
The seven peaks that were detected are shown In Table 20 and 
Figure 39. 
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Table 20. Helc Peaks observed dunng the Degradation of Comeound 
lib 
Peak No. Retention Tlme (mn) Standard ldent1ty and comment 
Expt 1 Expt 2 
1 O.B ? D1sappears after 
1 .3h 
2 1.1 1.1 Solvent front 
3 1.3 1.5 ? D1sappears after 
1.9h 
4 2.2-2.3 2.1-2.2 2.1 IV a 
5 3.1 ? Observed once only 
at 1.3h 
6 5.2-5.6 5.3-5.4 5.4 Ill 
7 6.2-6.3 6.2-6.4 Ill' 
4.4 Compound V 
The pr1nc1ple peaks of 1nterest were the peaks numbered 4 and 6 
correspond1ng to Compounds IV a and Ill respectlvely. The solvent 
front peak (number 2) and the peaks of m1nor components (numbers 1, 3 
and 5) were disregarded. The area data for peak number 7 followed 
s1m1lar k1netics to Compound Ill (F1gure 40) and thus 1t was called 
"Compound Ill'"· Its idenhty was unknown and 1ts area data were too 
poor 1n Experiment 1 for using the LETAGROP program. 
The LETAGROP program was applied to the concentrahon data for 
Compounds Ill and IV a and the concentrahon data for Compound Ill' 
estimated by assum1ng the same response for Compound Ill' as for Com-
pound Ill. The results are shown 1n Table 21 and F1gure 40. 
Compound !Va 
C -4 JTI' ompoun~ • 
Compound I!! 
F1gure 40. Plots of Cata for Co:11:>cunds 1II. III' ard IVo from 1--lplc 
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Table 21. Rate Constants determined from the Reaction of Compound 
lib using Hplc - k3 not hxed 
EXPT 1 EXPT 2 
k2 (ex[III]) h-
1 0.08 0.10 
k2 (ex[IVa]) h-
1 0.07 0.07 
k2 (ex[Ill']) h-
1 0.09 
k3 (ex[III]) h-
1 0.36 0.36 
k3 (ex[IVa]) h-
1 0.90 1.06 
k3 (ex[Ill']) h-
1 0.4 
[lib] (ex[I II]) vg/mC1 51.4 31.5 
0 1 
7.5 7.4 [Ilb]
0 
(ex[IVa]) vg/ml-
[llb]
0 
(ex[lll']) vg/ml-1 10.3 
It was d1fflcult to ach1eve cons1stent results for the klnetic 
parameters us1ng LET AGROP and the program was mod1 hed so that 1t 
would use a f1xed value (0.14h-1) for k3 determined from the results 
of the react1on of Compound IVa (Chapter 6). The results are shown in 
Table 22. 
Table 22. Rate Constants determ1ned from the Reaction of Compound 
lib us1ng Hplc - k3 hxed 
EXPT 1 EXPT 2 
k2 (ex[III]) h-
1 0.19 0.25 
k2 (ex[IVa]) h-
1 0.36 0.41 
k3 ( hxed) h -
1 0.14 0.14 
g/ -1 [Ilb]
0 
(ex[III]) v ml 17.1 11.3 
I -1 [Ilb]
0 
(ex[IVa]) v9 ml 5.8 5.4 
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The poor agreement amongst the k1net1c data demonstrated that the 
exper1mental model was wrong. The value for k2 derived from the con-
centration data for Compound IVa was larger than the value for k2 
denved from the concentration data for Compound Ill and therefore 
Compound IVa was be1ng formed by another route. The k1net1c behav1our 
of Compound Ill' was cons1stent w1th the following reaction scheme: 
lib -rn -rva 
" / Ill I 
The LETAGROP program could be modif1ed to determ1ne the kinetic data 
for such a react1on but proper concentration data for Compound Ill' 
would be needed. Time d1d not perm1t the 1solat1on of Compound Ill' 
for use as a standard. 
The k1netlc data for Compound IV a were not cons1stent Wl th a 
reaction scheme in which there was s1gn1flcant duect convers1on of 
Compound lib to Compound IVa. 
lib -rn 
'\ I 
IV a 
Spectral data for the ma1n peaks were recorded us1ng the HP1 040A 
detector and the results are shown 1n Table 23. 
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Table 23. HP1040A Spectral Data for the Reaction of Compound lib 
Peak No. hme ).. max,nm Identity and Comment 
3 7.9h 225 ? 
3 19.5h 223 ? 
4 7.9h 289 IV a 
4 19.5h 289 IV a 
4 Standard 289 IV a 
6 7.9h 283 Ill 
6 19.5h 285 Ill (very n01sy) 
6 Standard 285 Ill 
7 Too small for sat1sfactory spectra Ill' 
Standard 245 (275nm shoulder) V 
Standard <220 Phenylhydanto 1n 
O.Oh No peak 11 (No Phenylhydantoln) 
The exper1mental data demonstrated the absence of phenylhydanto1n 
1n the sanples of Compound lib. Under the expenmental cond1tlons 
used, 3-hydroxy-4-methyl-2(5tl)-thlophenone (Compound V) was not pro-
duced from Compound lib 1n observable quant1t1es. 
Other hplc expenments us1ng 230nm and 220nm as detectlon wave-
lengths were unsuccessful because they produced no1sy chromatograms. 
The area data produced for the major peaks fltted approx1mately the 
klnet 1c models descnbed above but the scatters of the data were too 
large to apply LETAGROP mean1ngfully. 
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SUMMARY 
The hplc experiments showed that Compound lib reacts to g1ve two 
major products (Compounds Ill and IVa) as expected, a s1gn1f1cant but 
umdentl f1ed product (Compound Ill') and three minor products. The 
results were cons1stent w1th the following react1on scheme. 
/Ill ............ 
llb rva-other products 
.............. lll.~ 
Th1s was consistent with the results of apply1ng Factor Analysis to 
the HPB450A spectral data wh1ch 1nd1cated three major spec1es and one 
m1nor spec1es. 
The absence of a standard for Compound Ill' made the multi-compo-
nent analys1s of the HPB450A spectral data d1ff1cult. The scatter of 
some of the hplc concentration data made the use of the LETAGROP pro-
gran d1ff1cult, particularly when the value for k3 was not flxed. 
Time d1d not perm1t the pursu1t of the following recommendations for 
1mprov1ng the experiments. 
1. Isolate and 1dent1fy Compound Ill' for use as a spectrometric and 
hplc standard. 
2. Increase the concentration of Compound lib for the spectrometr1c 
experiments. 
3. Mod1fy LETAGROP to allow the calculation of the k1nebc data for 
the rev1sed react1on scheme. 
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SUPPLEMENTARY SPECTROMETRIC MEASUREMENTS 
A solution of Compound lib was prepared by d1ssolv1ng about 20mg 
in 20ml methanol. A 2ml ahquot was diluted with sufhcient 0. 5M 
Phosphate Buffer Solution (pH 7 .4) to produce a concentrahon of 
I -1 10 p-g ml • Th1s soluhon was submttted to the expenmental condi-
tions descr1bed on p.68 w1thout n1trogen sparg1ng. The experiment was 
carried out four t1mes. 
It was expected that Compound V would be formed as well as Com-
pounds I II and IV a and therefore the wavelength range used for the 
quanh tahon of the latter compounds ( p.149) would be unsu1table for 
these exper1ments. Tr1al and error w1th a number of wavelength ranges 
mdicated that the most suitable wavelength range was 280 - 320nm 
using fust denvahve spectra (F1gure 41). The results were pro-
cessed usmg the LETAGROP program and the rate constants obta1ned are 
shown 1n Table 24 (see F1gure 42). 
Table 24. Rate Constants determ1ned from the React1on of Com~ound 
lib us1ng S~ectrometr1c Measurements 
Expt 1 Expt 2 Expt 3 Expt 4 
k2 (ex [Ill]) h-
1 0.19 0.25 0.25 0.27 
k2 (ex [!Va]) h-
1 0.28 0.35 0.37 0.34 
[ -1 0.25 0.22 0.35 0.32 k3 (ex Ill]) h 
k3 (ex [!Va]) h-
1 1.23 0.63 0.90 1. 21 
k5 (ex [V]) h-
1 0.75 0.70 0.75 0.75 
[lib] (ex [Ill]) J""g/mC1 5.50 3.50 4.53 4.06 
0 1 
2.56 2.43 2.82 2.96 [1Ib]
0 
(ex [!Va]) }'-g/ml-
[V]
0 
(ex [V]) )'"Qiml-1 0.13 0.09 0.12 0.11 
[V] (ex [V]) fg/ml-1 0.75 0.70 o. 75 0.75 
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The concentration data produced from these exper1ments had larger 
relat1ve f1t errors and were more scattered about the curves for the 
k1net1c plots than the concentrat1on data for the sparged exper1ments. 
Therefore, there were s1de react1ons and, because the mass of Compound 
V at t~was much less than that expected from the mass of Compound lib, 
there would be sign1 f1cant 1nterferences from sulphur-conta1ning com-
pounds. The results were 1n general agreement w1 th the following 
react1on scheme. 
lib --Ill --1va 
+ other sulphur-contain1ng compounds 
- -------------------------~ 
·' 
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CHAPTER B - INVESTIGATIONS INTO THE REACTIONS 
OF CEPHALEXIN 
INTRODUCTION 
tion: 
It was expected that cephalexin would undergo the following reac-
CephaleX1n, I 
H 
N'f"'OH 
N)-0 
H 
Compound IVa 
l 
Compound lib 
H 
N'f"'NH2 
N)-0 
H 
Compound Ill 
It would not be poss1ble to determ1ne concentrat1ons of Compound 
lib 1n solut1on by uv/v1s spectrometry or hplc because of 1ts poor uv 
absorption. However, 1t would be poss1ble to determ1ne cephalex1n and 
Compounds Ill and IVa by both techn1ques and 1nfer k1net1c data for 
Compound lib • 
- -------------~ 
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SPECTROMETRIC MEASUREMENTS 
Standard Conditions 
A solution of cephalexin was prepared by dissolving 45mg (Expt 1) 
or 41mg (Expt 2) In 400ml 0.5M Phosphate Buffer Solution (pH 7.4) and 
treating according to the expenmental conditions descnbed on p.6B 
as quickly as possible. Extra spectra (every 15 minutes) were 
recorded for the first two hours of the reaction. The spectral range 
previously used for the determination of Compounds Ill and IVa (300 -
320nm, Chapters 6 and 7) was found to be unsuitable for these experi-
ments because cephalexin could not be satisfactorily determined. A 
spectral range of 275 - 325nm was chosen by tnal and error for the 
multi-component analysis (see Figures 43 and 44). The results were 
processed using LET AGROP program and the kinetic data estimated are 
given In Table 25 (see Figure 45). 
Table 25. Rate Constants determined from the Reaction of 
Cephalexin using Spectrometric Measurements 
Expt 1 Expt 2 
k1 (ex[I]) h-1 0.87 1.6 
k1 (ex[III]) h-1 1.1 0.72 
k1 (ex[IVa]) h-1 
k2 (ex[III]) h-
1 0.10 0.23 
k2 (ex[IVa]) h-
1 
k3 (ex[III]) h-
1 0.49 1.7 
k3 (ex[IVa]) h-
1 
[I] (ex[I]) _,.g/ml-1 127 117 
0 1 [I] (ex[lll]) ~g/ml- 73 100 
0 1 [1]
0 
(ex[IVa]) }'-g/ml-
[I]m (ex[ I]) }'-g/ml-1 1.6 0.6 
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The klnet1c values deternuned from the concentration data for 
Compound Ill were f1tted to Equat1on 39 (p.BO) us1ng LETAGROP. How-
ever, 1t was not poss1ble to f1t the data for Compound !Va to Equat1on 
40 sat1sfactor1ly because of 1nsuff1c1ent good data. It was poss1ble 
to obta1n a w1de range of values for the k1net1c parameters wh1ch gave 
equally good flts us1ng LETAGROP. The dependence of the curve on 
1nd1v1dual parameters lS much less than 1n the other rate equations 
handled. The d1screpancy between the values obta1ned for the two runs 
showed that 1t was not poss1ble to obta1n reproduc1ble data w1th the 
exper1mental cond1tions used. future expenments should make use of 
standard spectra of currently un1dent1f1ed mater1als, should take more 
frequent samples and should be carr1ed out several t1mes. 
The spectral data was subm1tted to factor Analys1s us1ng the 
wavelengths at 10nm 1ntervals over the range 230 - 320nm for sets of 
ten spectra. The results were as follows. 
a) 0- 4.5h (0.5h lntervals): 
3 spec1es by standard error test; 
4 spec1es by cumulat1ve sum test; 
5 spec1es by other tests. 
Conclus1on: 3 major spec1es, 1 smaller spec1es and 1 m1nor 
spec1es. 
b) 4.5- 9.0h (1.5h 1ntervalsl: 
2 major spec1es and 1 m1nor spec1es 1nd1cated by all tests. 
c) 9.0- 13.5h (0.5h lntervals): 
2 spec1es by standard error, cumulat1ve sum and x2 tests; 
5 spec1es by other tests. 
Conclusion: 2 major spec1es. 
d) 0- 13.5h (1.5h intervals): 
4 spec1es and poss1bly 1 m1nor spec1es 1nd1cated. 
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Spectral data for the f1rst two hours of the react1on was analysed 
over the range 230 - 310nm at 10nm 1ntervals using n1ne spectra. The 
results were as follows. 
e) 0- 2h (0.25h intervals): 
3 spec1es by standard error, cumulat1ve sum and x2 tests; 
other tests vague. 
Conclus1on: 3 species. 
factor Analysis confirmed the presence of three major uv absorb-
ing spec1es, namely cephalex1n, Compound Ill and Compound IVa. There 
was also evidence of another s1gn1f1cantly absorb1ng species (Compound 
Ill', Chapters 6 and 7) and possibly another m1nor component. 
Measurements made every f1ve minutes 
Th1s experiment was carr1ed out 1n order to obta1n several spectra 
during the f1rst part of the react1on for factor Analys1s. 
A solut1on of cephalexin was prepared by dissolv1ng 20mg 1n 250ml 
0.5M Phosphate Buffer Solut1on (pH 7.4) and treating according to the 
cond1t1ons descr1bed on p.68 w1th the min1mum of delay. The react1on 
medium was sampled every f1ve m1nutes and the spectrum recorded. The 
concentration data were calculated for cephalex1n, Compound Ill and 
Compound IVa using the f1rst der1vat1ve spectra over the range 275 -
325nm. The results for cephalexin were processed using LETAGROP and 
the estimated k1netic data are g1ven 1n Table 26 (see f1gure 46). The 
reaction was not carried out for a suff1cient length of time for con-
centration data for Compounds Ill and IVa to be collected to apply 
LETAGROP. 
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Table 26. Rate Constants determ1ned from the React1on of Cephalex1n 
using Spectrometr1c Measurements every five m1nutes 
k1 (ex[!]) h-
1 1.02 
[1]
0 
(ex[!]) r>-g/mC1 115 
[1]., (ex[I]) y.g/ml-1 9.2 
The spectral data was subm1tted to factor Analys1s using ten wave-
lengths at 1 Onm intervals over the range 230 -320nm for sets of ten 
spectra. The results were as follows. 
0- 90 m1n (10 m1n 1ntervals): 
3 spec1es by standard error and cumulat1ve sum tests; 
5 spec1es by other tests though not well def1ned. 
Conclus1on: 3 major spec1es w1th 1 or 2 other spec1es. 
This 1s consistent w1th the flnd1ngs of the expenments us1ng 
standard cond1tions. 
Reacbon at 37" 
Th1s experiment was carr1ed out 1n order to follow the f1rst part 
of the reaction slowly and apply the resulbng spectra to factor 
Analys1s. 
A solut1on of cephalex1n was prepared by d1ssolv1ng 10mg 1n 200ml 
0.5M Phosphate Buffer Solution (pH 7.4) and treat1ng accord1ng to the 
exper1mental cond1t1ons descr1bed on p.6B w1th the waterbath tempera-
ture at 37" 1nstead of 60". Concentrat1on data for cephalex1n, Com-
pound Ill and Compound !Va were calculated us1ng fust denvabve 
spectra over the a wavelength range of 275 - 325nm. The results for 
cephalex1n were processed us1ng LETAGROP and the est1mated k1nebc 
data are shown 1n Table 27 (see f1gure 47). There were 1nsuff1c1ent 
data to apply LETAGROP to Compounds Ill and IVa. 
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Table 27. Rate Constants determ1ned from the React1on of Cephalex1n 
at 37" us1ng Spectrometr1c Measurements 
k1 (ex[!]) h-
1 
[I) (ex[!]) )Lg/ml-1 
0 1 [I)~ (ex[I]) ~g/ml-
0.16 
47 
5.1 
The spectral data were analysed using factor Analysis using absor-
bance data at ten wavelengths over the range 275 -325nm at 10nm lnter-
vals. Ten spectra were used. The results were as follows. 
0.5- 9.5h (1h lntervals): 
3 species by standard error and cumulat1ve sum tests; 
4 spec1es by s1gma mult1ples and x2 tests; 
other tests vague. 
Conclusion: 3 major absorbing spec1es and 1 minor spec1es. 
This 1s cons1stent w1th the f1nd1ngs of other exper1ments. 
Summary of Spectrometr1c Exper1ments 
It was not possible to obta1n mean1ngful concentratlon data for 
cephalex1n and Compounds Ill and IVa because, as factor Analys1s 
showed, there were more than these three absorb1ng spec1es involved 1n 
the reaction. This 1s consistent w1th the f1nd1ngs of prev1ous exper-
iments (Chapters 5-7). It would be necessary to isolate the degrada-
tion compounds 1n order to obta1n standard spectra. 
Despite the shortcomings of the experiments, 1t was poss1ble to 
demonstrate the usefulness of factor Analysis 1n determining the 
speciat1on and the applicab1l1ty of LETAGROP to the complex rate equa-
tion for Compound Ill. The absorbing spec1es present were cephalex1n, 
Compound Ill, Compound IV a, one smaller spec1es and, poss1bly, one 
very small spec1es. 
----------------------------------------------------------------------
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HPLC MEASUREMENTS 
A solut1on of cephalex1n was prepared by dissolv1ng about 10mg 1n 
50ml water. A 20ml portion of this solution was added to 200ml 0.5M 
Phosphate Buffer Solution (pH 7.4) and the result1ng solut1on was used 
for the exper1ment using the condit1ons descr1bed on p.77 w1th a mini-
mum of delay. This experiment was carr1ed out twice w1th a detector 
wavelength of 270nm (40nm bandwidth). 
The four peaks that were detected are shown 1n Table 2B and 
F1gure 4B. 
Table 2B. Hplc Peaks observed dunng the Reachon of CephaleXln 
Peak No. Retenhon Time (mln) ldenhty and comment 
Expt 1 Expt 2 
1 O.B 0.7-0.B Solvent front 
2 1.4-1.5 1.5-1.6 Compound IV 
3 3.3-3.4 3.3-3.5 Compound I II 
4 6.4-7.0 6.6-6.7 Cephalex1n 
No other peaks were detected 1n these exper1ments. 
The LETAGROP program was applled to the concentration data for 
cephalexin and Compounds Ill and IVa. The results are shown 1n Table 
29 and F1gure 49. 
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Table 29. Rate Constants determ1ned from the React1on of 
Cephalex1n using Hplc 
EXPT 1 EXPT 2 
k1 (ex[I]) h-1 0.99 0.99 
k1 (ex[III]) h-1 0.15 0.17 
k1 (ex[IVa] h-
1 
k2 (ex[III]) h-
1 0.21 0.25 
k2 (ex[IVa]) h-
1 
k3 (ex[Ill]) h-
1 1.84 2.00 
k3 (ex[IVa]) h-
1 
[1]0 (ex[ I]) J-U;~/ml- 1 17.6 17.9 
[I] (ex[III]) )"g/ml-1 53.3 55.0 
0 1 [I] (ex[ IV a]) )"g/ml-
0 1 0.74 0.3 [I]a> (ex[ I]) f-g/ml-
As in the spectrometncally momtored expenments above, 1t was 
not poss1ble to apply LETAGROP to the data obta1ned for Compound IVa 
w1th certainty. 
The good agreement between the two sets of results demonstrated 
that, for a comparat1vely simple reproduc1ble system, hplc is a useful 
techmque for kinehc measurements. The large d1screpancy between 
values of k1 obta1ned from the data for cephaleX1n and Compound Ill 
demonstrated that cephalex1n or Compound lib or both degrade to com-
pounds other than Compound Ill. The shape of the curve suggested by 
the data for Compound IVa and the results from the exper1ments on the 
degradat1on of Compound lib (Chapter 7) 1nd1cated that none of the un-
accounted degradahon was attnbutable to the formahon of Compound 
IVa by a route other than that v1a Compound Ill. The other degrada-
tion compounds were not observed by hplc 1n these exper1ments although 
other compounds were observed in preV10US experiments (Chapters 5-7) 
~-------------- ------------------------~ 
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and Factor Analysis of the spectrometric data gained from the degrada-
tion of cephalexin indicated the presence of one or two other species. 
The following reaction scheme would satisfy the known data but In 
order to test it further it would be necessary to optimise the hplc 
conditions for the detection of Compound Ill' and other unknown 
species. 
I 
Non-uv absorbing 
species 
The HP1040A detector was used to confirm the spectral Identity of 
Compounds Ill and !Va. 
SUMMARY 
Factor Analysis of the spectrometric data from the degradation of 
cephaleXln, the discrepancies between values for k1 determined from 
hplc monitoring of the degradation of cephalexin and the results from 
other exper1ments (Chapters 5-7) Indicated that the predominant reac-
tion was that outhned In the introduction to this chapter. There 
were other reactions Involved such as those shown above at the end of 
the discussion on hplc experiments Involving the degradation of cepha-
lexin. 
In order to elucidate these reactions further, It would be neces-
sary to isolate the species referred to as Compound I II' and other 
species If possible. Some means of determining the other species pre-
sumed to be formed but not detected in the hplc experiments would be 
necessary. For example, hplc WIth a different detector wavelength, 
hplc with an electrochemical or other detector, gc or polarography may 
be applicable to these undetected species. 
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CHAPTER 9 - GENERAL DISCUSSION 
SYNTHESES OF COMPOUNDS OF INTEREST 
The syntheses of Compounds Ill and V adapted from hterature 
proved to be satlsfactory. However, It was necessary to modify the 
literature procedure for the synthesis of Compound lla/b In order to 
obtain a product free from Compounds Ill and IVa. Dinner's procedure 
(52) for the synthesis of Compound IVb was found to be unsuitable and 
the novel procedure devised was found to be simpler and more effec-
tive. A novel synthesis of Compound V from Compound lib was devised 
which demonstrated that Compound lib was a possible reaction Interme-
diate. A new compound (Compound VI) was Isolated which was not defi-
nitely Identified despite exhaustive attempts but It appeared to be a 
dimeuc form of Compound IV. Compound VI was shown by spectrometry 
not to be a degradation product of cephalexin (Chapter 5) although It 
was not detected by hplc. 
The synthesised Compounds II - V were characteused and were 
shown to be sUitable materials for the experimental work undertaken. 
The structure and composition of Isolated Compound 11 was defined and 
Compound IV was shown to be an enol (IVa). It was not possible to be 
speci flc about the conformatlon of the enol and enam1ne functlons In 
Compounds Ill and IVa. 
Time did not allow further work on the Isolation and Identifica-
tion of other compounds Involved In the reactions studied. It ought 
to be poss1ble to use preparative hplc, preparative thin layer chrom-
atography and hplc-ms to Identify the unknown peaks found In the hplc 
experiments. The Identlty of any sulphur-containing or other small 
molecules could be ascertained by using ge-ms. 
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ANALYTICAL TECHNIQUES USED 
H1gh Performance L1gu1d Chromatography 
H1gh performance llqu1d chromatography (hplc) was found to be a 
useful but unrel1able analyt1cal techn1que 1n the determ1nat1on of the 
k1net1cs of the reactlons under 1nvest1gabon. It prov1ded spec1flc 
concentrat1on data for known compounds and some data for unknown com-
pounds. Hplc was capable of proV1d1ng much useful data even though 
the model for the reactlon was wrong and peaks were not completely 
separated. The 1dent1t1es of reactants and major products were con-
flrmed. It was shown to be a su1table techn1que for th1s type of work 
because 1t was poss1ble to automate the exper1ments. The use of the 
Hewlett Packard 1040A d1ode assay detector furmshed extra confuma-
tory ev1dence for the 1dentlty of major components but it offered 
l1ttle help 1n the 1dent1f1cat1on of unknown components. 
Hplc was found to be unrellable on a number of occas10ns. The 
del1very of mob1le phase somet1mes fa1led because of blockages 1n the 
hplc system or because of a1r 1n the hplc pump's p1ston. The statlon-
ary phase sometlmes changed charactenstlcs dunng a run g1v1ng nse 
to unusable chromatographlC data. There were a few other problems 
w1th the hplc exper1ments and, overall, fewer than half of the experl-
ments furn1shed useful data. Some of the problems 1nvolved 1n us1ng 
hplc are perhaps surmountable but personal exper1ence 1n the rout1ne 
laboratory has shown that there 1s usually an apprec1able exper1mental 
fa1lure rate. Hplc was shown to be a useful analyt1cal techn1que des-
plte the problems encountered. 
There are several mod1f1cat1ons to the hplc 1nstrumentat1on wh1ch 
could be made to 1mprove the techn1que's rel1ab1l1ty and to ga1n extra 
1nformatlon. There are modern 1ntegrators such as the Spectraphys1cs 
model 4270 wh1ch has been shown to be super1or to the Hewlett Packard 
3390A 1ntegrator for work of th1s nature but was not ava1lable when 
th1s work was carr1ed out. The Hewlett Packard 1040A detector should 
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be used separately from a k1net1cs determ1nat1on exper1ment at opt1mum 
t1mes for spec1f1c peaks of 1nterest and w1th a larger sample loop to 
furn1sh good spectra, part1cularly of unknown compounds. The Perk1n-
Elmer LC-65T or some other h1gh performance detector should be used as 
the detector for k1netlcs determ1natlons. A modern electrochem1cal 
detector should be used to make the techn1que more spec1f1c 1f poss-
1ble. Chromatograph1c cond1tlons should be optim1sed for the m1nor 
peaks. 
Ultrav1olet/V1s1ble Spectrometry 
Ultrav1olet/v1s1ble (uv/V1s) spectrometry was used m th1s work 
to proV1de quantitative and quahtat1ve data. The multi-component 
computation fac1hty of the Hewlett Packard B450A spectrometer was 
used to determ1ne the concentrations of standard matenals 1n the 
reaction m1xture. The resultmg concentration data f1tted s1mple 
f1rst order react1on k1net1cs apart from the exper1ment 1nvest1gat1ng 
the react1ons of Compound IVa. However, It was shown by Factor Analy-
S1S and hplc that the reactions were more complex and that therefore 
uv/vis spectrophotometry as used In this work IS not su1table for 
quantitative measurements. The data fitted the proposed kinetic model 
reasonably well but only because the principal compounds were present 
In excess. It was apparent that there were errors In the data caused 
by the presence of unknown compounds. It is necessary to Isolate the 
other compounds 1nvolved In the reactions In order to obtain standard 
spectra or It IS necessary to process the spectral data mathematically 
1n order to obta1n the spectra of compounds other than the standards. 
Factor analys1s demonstrated that there were more species 1n 
solution than proposed for most of the principal reactions. The spec-
Iation Indicated by Factor Analysis was usually consistent With the 
speciallon found by hplc If It were assumed that some groups of com-
pounds were spectrally or klnetically similar and therefore contn-
buted together as one species. 
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Absorbance data w1th assoc1ated error data were entered manually 
for the Factor Analys1s program. Th1s was ted1ous, t1me-consum1ng and 
l1able to transcr1pt1on error. Therefore, 1t was attempted to use the 
program wntten by Mr. E. Scorer ("845001") to transfer data to the 
HP85A m1crocomputer directly. This program was sllghtly mod1f1ed and 
a short buffer program used to tmplement Factor Analys1s automatl-
cally. However, the transfer of data was not rel1able and th1s 
approach was abandoned. It was d1sappo1nt1ng that data transfer bet-
ween p1eces of equ1pment produced by the same manufacturer should be 
so d1ff1cult. The HP85A was too small and slow a computer to handle 
all the ava1lable data and future Factor Analys1s work should use 
larger and faster computers w1th rellable automatlc electromc data 
transfer w1th many spectra 1n order to furmsh h1gh quallty lnforma-
tlon. 
The HP8450A spectrometer was conven1ent to use and 1t furn1shed a 
lot of spectral data from the expenments. There were fewer wasted 
exper1mental runs than 1n the hplc expertments and the uv/v1s spectro-
metnc expenments were the eastest to carry out. Therefore, uv/Vls 
spectrometr1c exper1ments are preferable to hplc spectrometr1c experl-
ments 1n work of th1s k1nd prov1ded that the spec1at1on is known and 
standard spectra are ava1lable. The uv/vis spectra recorded were 
generally good but there were a number of comparat1vely no1sy spectra 
and some spectra wh1ch gave anomalous absorbance values. These pro-
blems d1d not ser1ously affect the overall results of the uv/v1s spec-
trometrlc data but they ought to be solved before carry1ng out further 
expeuments. 
LETAGROP 
The LETAGROP program for estlmatlng rate constants and 1mtlal 
constants was 1nvaluable. Manual est1mat1on of k1net1c parameters for 
s1ngle step f1rst order react1ons was stra1ghtforward but 1t was much 
more t1me-consum1ng than esttmat1on us1ng LETAGROP. Manual est1mat1on 
of k1netlc parameters for more complex reactions would be much more 
d1 ff1cult and programs such as LETAGROP can proVlde the means of 
obta1n1ng accurate est1mates rap1dly. 
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However, the usefulness of rout1nes such as LETAGROP ls dependent 
on the number and qual1ty of data avallable, the 1ndependence of para-
meters and accuracy of lnltlal guesses. In th1s work lt was found 
that LETAGROP was satlsfactory for Equat1ons 27, 35 and 39; Equat1on 
39 belng one of the most complex to be solved to date. However, the 
values est1mated for Equat1on 36 depended on the 1n1t1al guesses and, 
for Equat1on 40, they almost matched the 1n1t1al guesses. The appll-
catlon of LETAGROP to Equatlon 36 was improved by flxlng one parameter 
but thls should be unnecessary lf more and better data were collected. 
The f1tt1ng of Equat1on 40 could be simllarly lmproved. It was decl-
ded not to flx parameters for the fltting of Equat1on 40 as lt was lm-
posslble to ass1gn meamngful flxed values and there were too few 
early data po1nts. 
LETAGROP was sens1tlve to the correct k1netlc model be1ng used. 
Rate constants from d1 fferent experiments were d1 fferent and thls 
1nd1cated that the klnetlc model was wrong, 1.e. that there were s1de 
react1ons. 
THE DEGRADATION PATHWAY OF CEPHALEXIN 
The senes of expenments descnbed ln Chapters 5-B showed that 
the degradatlon of cephaleXln followed the pathway lllustrated ln 
Scheme 22. The pr1nc1pal pathway was shown to be 
I - [II] -Ill- !Va- other products 
wh1ch lS conslstent Wlth the flnd1ngs of Bundgaard (51) and Yamana 
(50). 
Compound IV was shown to be formed as the enol 1somer, IVa. The 
prec1se conformat1ons of the hydroxo group w1th respect to the double 
bond ln Compound !Va and of the am1ne group ln Compounds Ill are not 
known. The trans (£) forms are normally shown ln the llterature and, 
Compound VIlla 
-
Cephalaxln 
Compound llb 
/ 
Unknown compound• 
Compound Vlla 
+ 
Compound Vllb 
+ 
Compound VIle 
-
H 
~NY'oH 
lQJ ~~.Jo 
Compound IVa 
Compound lla 
Compound Ill' 
+ 
Compound Ill 
Scheme 22. Degradation Pathway of Cephalexln 
N 
0 
"' I 
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because these are more favoured by hydrogen bonding than the .£!:!::. ( ) 
form, they Will probably be the predominant conformations. 
H ~ 
N'fc,~,H 
):-o--H N 
H 
(£)-6-(aminomethylene)-3-
phenyl-2,5-piperazinedione 
(Compound Ill) 
H H 
H 'N1 N I 
'fC-H 
N_)-0 
H 
(Z)-6-(aminomethylene)-3-
phenyl-2,5-piperazinedione 
(Compound Ill' ?) 
It was possible that the unidentified product, Compound Ill', was 
the CiS- form of Compound Ill for both products showed Similar kinetic 
profiles. Compound IVa appeared to exist in only one conformation. 
It would be necessary to prepare the different conformations of Com-
pounds Ill and IVa by an unambiguous synthesis and show their presence 
in the degradation pathway usmg hplc and perhaps also nmr or u. 
The isomeric form of Compound II which participated in the reac-
tion was not shown. Work by Fogg and others (53-59) showed by polaro-
graphy that structure lib was a reactive intermediate. It was poss-
ible that structure lla was also formed, perhaps as an intermediate in 
the formation of lib from cephalexin. It was shown that nmr was a 
satisfactory technique for distingUiShing between the two isomers and 
it ought to be possible to determine theu contnbutlons to the de-
gradation pathway of cephalexin by nmr. 
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The 1dentltles of the unknown compounds, Compounds Vlla, Vllb, 
VIle and VIlla were not established. It ought to be possible to use 
preparative tlc, preparative hplc and hplc-ms to Identify these and 
other unknown compounds wh1ch occur. 
The kinetic behaviour of cephalexin, Compound Ill and Compound 
IVa showed that there must be degradation processes occurnng apart 
from those descr1bed (see Chapter 8). The products formed were poss-
Ibly small molecules such as hydrogen sulphide, carbon diOXIde, 
ammonia, water, glycine, phenylglycine and other amino acids. Some of 
these compounds could be determined by gc and others by using a com-
mercial am1no acid analyser. 
RECOMMENDATIONS FOR FUTURE WORK 
The Isolation of some of the unknown compounds should be attemp-
ted us1ng preparat1ve hplc and preparat1ve tlc. When these materials 
have been Isolated, the hplc conditlons should be optimised to monitor 
their progress throughout the degradation expenments and carry out 
suitable hplc expenments us1ng a good single wavelength detector. 
The hplc exper1ments should also be carr1ed out w1th an electrocheml-
cal detector. 
The 1solated compounds should be used as standards 1n the uv/vis 
spectrometric experiments. The causes of excessive noise and abnormal 
data when us1ng the HP8450A spectrometer should be 1nvestlgated and 
removed. Suitable uv/Vls expenments should be earned out and the 
concentration data calculated. Many more sanpllng times should be 
used 1n the run 1n order to make ava1lable a large data set for Factor 
Analys1s. A faster processor w1th a larger memory than the HP85A 
should then be used for Factor Analysis and k1net1c data calculat1on 
w1th d1rect transfer of spectra data from the HP8450A. 
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The course of the f1rst part of the react1on of cephalex1n should 
be mon1tored using nmr in order to ascertain the nature of Compound 
11. The 1solated and synthesised mater1als should be used to 1dent1fy 
the peaks observed dur1ng differential polarographic studies. 

-----------------------------------------------------------------
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APPENDIX I 
PRINTOUT OF "TIMER", 
THE PROGRAM TO CONTROL 
AUTOMATED HPLC EXPERIMENTS 
10 1 'TI"ER'. A progra1 by A. "c61ynn to control autoaated hplc exper11ents. 
20 I 
30 OUTPUT 717 ;'AS'@ WAIT 3011000 
40 ! Ltne 30 swttches ON saapling puap then 30s pause. 
50 OUTPUT 717 ;'BS';'A1';'A6' ! WAIT 3016011000 
60 1 Ltne 50 switches OFF saapl1ng puap, ON tnJectton valve and ON Integrator then 3011n pause. 
70 OUTPUT 717 ;'B1';'B6';'A6' @WAIT 29.516011000 
80 1 L1ne 70 Resets inJection valve, stops lntegrator(2 co11andsl then 29.51in pause. 
90 OUTPUT 717 ;'86' @ GOTO 30 
100 1 Ltne 90 resets Integrator and returns to the beginning of the cycle. 
999 END 
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APPENDIX I1 
PRINTOUT OF "FADAT", 
THE PROGRAM FOR FILING 
SPECTROMETRIC DATA 
10 1 'FADAT'. A progra1 by A. ftc&lynn to file spectro1etr1c data. 
20 I 
30 OPTION BASE I 
40 Dlft At20 1201 
50 CLEAR @ DISP 'No. of exper11ents?' 
60 INPUT ft 
70 DISP 'No. of spectra'' 
SO INPUT N 
90 REDift Atft,NI 
100 FOR 1=1 TO ft 
110 FOR J=l TON 
120 CLEAR @ DISP 'Enter the absorbance value' 
130 DISP 'for experl1ent no. ';!; 
140 DISP ' 1 oavelength no. ';J 
150 INPUT AII 1JI 
160 NEXT J 
170 NEXT I 
ISO CLEAR @ DISP 'Na1e of tapef1!e?' 
190 INPUT F$ 
200 CREATE F$ 1118tftfN 
210 ASSISNI I TO F$ 
220 PRINTI I ; Al 11 
230 ASSISNI I TO f 
240 END 
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